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 i 
Abstract 
 
The large cabbage moth, Crocidolomia pavonana (F.) (Lepidoptera: Crambidae), is one of 
the most significant pests of Brassica crops and has re-emerged as a serious pest of 
crucifer crops in tropical and sub-tropical Asia because of the control used against the 
diamondback moth, Plutella xylostella (L.) (Lepidoptera: Plutellidae). The damage caused 
by this pest can be significant because larvae devour young tissues of the plant at different 
stages and bore into the centre of the cabbage head at maturity and can damage the 
whole cabbage plant. Despite its economic importance the interaction of this pest with its 
host plant is not well understood. 
 
The current study showed that larval feeding by C. pavonana was influenced by the 
presence of cabbage in artificial diet, in laboratory bioassays. Of the four diets developed 
and tested, neonates survived and completed developmental stages (81%) on diet 
containing cabbage (Brassica oleracea cv sugarloaf) more so than on base diet (diet 
without cabbage), diet containing wheat grass or spinach powder. Neonates were able to 
locate diet with cabbage powder but not when cabbage was absent (i.e. base diet). 
Similarly, in an olfactometer test, neonates were strongly attracted to the odour of diet with 
cabbage compared with diet without cabbage. More than twice the number of feeding 
events was observed on filter paper disks impregnated with diet containing cabbage 
powder than on paper disks with base diet. The behavioural responses of neonates to diet 
with cabbage are linked to the glucosinolates present on cabbage plants. Sinigrin elicited 
feeding when added to diet without cabbage and also when applied to a non-host plant, 
Gossypium hirsutum (Sicot 71RRF). Neonates’ response to allyl isothiocyanate in a two-
arm olfactometer was stronger than to sinigrin, which would explain larval attraction to 
damaged cabbage plants. These results indicate that sinigrin and allyl isothiocyanate 
provide important feeding and olfactory cues for C. pavonana larvae.  
 
Larval feeding and moth oviposition behaviour of C. pavonana was further studied using 
whole cabbage plants of two different ages (6 and 8-leaf stage) and this was compared to 
the response of a well-studied crucifer specialist, P. xylostella. Plant age did not 
significantly affect oviposition and feeding preference by C. pavonana whereas P. 
xylostella preferred younger plants for oviposition and larval feeding. The intra-plant 
distribution of eggs and feeding sites was similar for both species, but egg distribution 
showed a pattern different from feeding sites. Neonates that hatched from eggs deposited 
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on lower leaves moved towards the apical portion of the plant and established a majority of 
feeding sites on younger leaves. Preference for younger leaves was also observed on 
excised leaves, indicating architectural position was not the factor driving choice. Younger 
leaves are known to have a higher concentration of nitrogen content and proteins suitable 
for larval development, whereas lower leaves are considered not palatable because of 
fibrous content and low nutritional quality. Therefore, leaf age is an important factor 
affecting choice of feeding sites by the crucifer specialists. Sinigrin content, inferred from a 
separate study, did not explain feeding choice. The significant increase in the 
concentration of total aliphatic and indole glucosinolates with reduced leaf age does 
correspond with larval preference for younger leaves. Leaf wax and leaf toughness 
brought about by leaf age were studied as possible factors involved in leaf choice. Wax 
morphology, observed using scanning electron microscopy, differed between old and 
young leaves. The removal of leaf surface wax did affect C. pavonana neonates’ feeding 
choice, with greater preference for leaf disks with wax in situ, compared against leaf disks 
with wax removed, in a dual choice assay. Leaf wax extracted from either old or young 
leaves also induced feeding when added to artificial diet without cabbage. Leaf toughness, 
was not found to be a significant factor in feeding choice. 
 
The effect of sinigrin (allyl glucosinolate) and its hydrolysis product, allyl isothiocyanate on 
growth and survival of C. pavonana was investigated using artificial base diet and diet 
containing cabbage leaf powder, and compared with the response of P. xylostella. 
Consistent with other findings in this study, sinigrin promoted larval feeding for both 
crucifer specialists. Response to allyl isothiocyanate though, differed between C. 
pavonana and P. xylostella. Allyl isothiocyanate was found to be toxic and lethal for P. 
xylostella but C. pavonana neonates fed and survived, and when assessed at 24 hours, 
had gained weight. Similarly, varying the concentrations of allyl isothiocyanate (1 to 10 
µmol/g diet) did not significantly affected survival of C. pavonana neonates whereas 1 
µmol/g diet caused maximal mortality for P. xylostella neonates. The very high survival of 
C. pavonana neonates on diet containing allyl isothiocyanate indicates that C. pavonana 
handles glucosinolate hydrolysis products in a way that differs from P. xylostella, and this 
finding points to a new or different mechanism for glucosinolate metabolism. 
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 1 
Chapter 1. General introduction 
 
1.1. The Problem 
 
The large cabbage moth, Crocidolomia pavonana (F.) (Lepidoptera: Pyralidae) is a pest 
occurring in tropical and sub-tropical regions of South Asia, South Africa, Pacific islands 
and Australia (Rejesus and Navasero-Ward, 2003). It is considered as one of the major 
constraints in Brassica production because the larvae devour young leaves and attack the 
cabbage head that could lead to 100% yield loss (Sastrosiswojo and Setiawati, 1992; 
Rejesus and Navasero-Ward, 2003). The behaviour of this pest towards its host is not yet 
fully understood. In particular, their leaf choices for oviposition and feeding, the effect of 
plant/leaf age, leaf wax and leaf toughness, and even the role of glucosinolates in relation 
to growth and survival.  
 
1.2. Economic Importance of Brassica crops 
 
Brassica, or crucifer, crops are widely grown in the world because of their economic 
importance in terms of food, oil, animal feeds, medicinal value and their use in research 
(Raymer, 2002; Ahuja et al., 2009). Globally, the estimated area planted to Brassica crops 
between 1993 and 2009 increased by 39% to approximately 3.4 million hectares in 2009 
when Brassica vegetables provided about US$26 billion to the world economy (Furlong et 
al., 2013). Rapeseed, Brassica napus, which is one of the most traded oil-containing 
vegetables in the world (Williams and Hill, 1986) also increased by 27% in terms of area 
planted between 1993 and 2009 (Furlong et al., 2013). Its contribution to the world oilseed 
economy in 2008-2009 was about 15%, making it the third most important source of oil in 
the world (Sharma et al., 2012). Oilseed rape, or canola, is cultivated in more than 50 
countries worldwide including: China, Canada, India, Germany, France, UK, Australia, 
Poland and USA. The importance of canola has been increasing up to this time because 
of its potential as a renewable energy resource for methyl-ester that can be used as 
biodiesel for transport (Souckova, 2006). Furthermore, members of Brassicas are also 
used by researchers in taxonomic research (Vaughan, 1977), insect plant interaction 
studies (Baskar et al., 2012) and as breeding materials for disease and insect resistance, 
and high yielding cultivars (Gupta, 2012). 
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1.3. Biology and ecology of large cabbage moth, Crocidolomia pavonana F. 
(Lepidoptera: Crambidae) 
 
Large cabbage moth, C. pavonana (=binotalis) (Fabricius) is one of the most destructive 
pests of Brassica crops in tropical Africa, Asia, Australia, Oceania, India and Pacific 
Islands (Rejesus and Navasero-Ward, 2003; Karungi et al., 2010; Takeuchi et al., 2009; 
Smyth, 2003b; Sastrosiswojo and Setiawati, 1992). As reported by Rejesus and Navasero-
Ward (2003), large cabbage moth has been recognized under a range of names as cited 
by different authors such as: cabbage worm (Knott and Deanon, 1967), cabbage moth 
(Delos Reyes, 1960; Navasero, 1973), cluster caterpillar (Smith, 1943), larger cabbage 
moth (Fuller, 1922; Gunn 1925), cabbage caterpillar (Sison, 1927), cabbage cluster 
caterpillar (Makita, 1978/1979), leafwebber (Srinivasan et al., 1988), cabbage webworm 
(Singh and Rawat 1983; Hashim and Ibrahim 1999), and cabbage head caterpillar 
(Sastrosiswojo and Setiawati, 1992). Crocidolomia pavonana feeds on various crucifers 
including Brassica campestris var. chinensis L., B. pekinensis (Lour), B. juncea L., B. 
oleracea var. capitata L. (Rejesus and Navasero-Ward, 2003; Sastrosiswojo and 
Setiawati, 1992). The rape turnip, B. campestris ssp. oleifera Metzg. Sinisk and pak choy, 
B. chinensis have also been reported to be preferred by C. pavonana for oviposition 
(Sastrosiswojo and Setiawati, 1992). This cruciferous pest is more abundant during the dry 
season (Rejesus and Navasero-Ward, 2003). In the Philippines, infestation is high during 
the summer months of February until April while in Indonesia the population of this pest is 
higher during the drier months of March, June and August and most likely to have at least 
two generations per cropping season (Sastrosiswojo and Setiawati, 1992).  
 
The biology of C. pavonana has been detailed (Rejesus and Navasero-Ward, 2003; 
Sastrosiswojo and Setiawati, 1992). Eggs are laid in mass underneath the leaves and 
arranged in scale-like fashion with eggs overlapping each other; egg masses range in size 
from 3 to 85 eggs per mass (Rejesus and Navasero-Ward, 2003). The incubation period of 
the eggs ranges from 3-6 days, depending on temperature (Sastrosiswojo and Setiawati, 
1992, Smyth et al., 2003b). Newly hatched larvae undergo four larval instars (Rejesus and 
Navasero-Ward, 2003). However, in Indonesia five larval stages were observed with a 
mean duration of 14 days (Sastrosiswojo and Setiawati, 1992). This observation may be 
due to the prepupal stage being considered as a fifth larval instar (Rejesus and Navasero-
Ward, 2003). Pupation usually takes place in the surface layer of the soil. The colour of the 
pupa is yellowish and later turns reddish or dark-brown and is about 3mm wide and 10mm 
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long (Rejesus and Navasero-Ward, 2003; Sastrosiswojo and Setiawati, 1992). The pupal 
stage duration ranges from 9 to 13 days with an average of 10 days at 26-33.2ºC 
(Sastrosiswojo and Setiawati, 1992). Adults of C. pavonana are nocturnal in behaviour and 
exhibit differences in size and appearance between the sexes. The males have black tufts 
of hair at the anterior margin of both forewings with sharper markings on the forewings 
compared to female moths. The mean body length of the adult male is 11.4 mm and for 
the female it is 9.6 mm. The duration of the life cycle of C. pavonana varies depending on 
temperature and humidity regimes, ranging from 30-41 days at 16-22ºC and 60-85% RH 
and 26-32 days at 26-33.2ºC and 54.1-87% RH (Sastrosiswojo and Setiawati, 1992). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Larval stages: (a) 1st instar, (b) 4th instar; adults: (c) female and (d) male of 
Crocidolomia pavonana. The sizes of the insect stages indicated agree with the estimates 
calculated from the average measurement published by Sastrosiswojo & Setiawati (1992) 
and Rejesus & Navasero-Ward (2003).     
 
 
When infestation occurs, newly emerged larvae are gregarious and feed on different parts 
of Brassica crops such as leaves, inflorescence and fruits (Karungi et al., 2010) where the 
remaining transparent upper epidermis forms “cellophane” windows (Rejesus and 
Navasero-Ward, 2003). During high infestation the number of larvae attacking each plant 
ranges from 4.22 to 33.6 per plant (Rejesus and Navasero-Ward, 2003) but one larva per 
plant may cause significant yield loss if not controlled (Peter et al., 1986). Crocidolomia 
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pavonana attack plants from the seedling stage until harvest, which may lead to 100% 
yield loss if not properly managed (Rejesus and Navasero-Ward, 2003). Since feeding is 
predominantly on the apical meristem or on the young leaves (Rejesus and Navasero-
Ward, 2003, Takeuchi et al., 2012, Sastrosiswojo and Setiawati, 1992), immature plants 
can be obliterated before they develop. When cabbage plants are attacked during the 
head formation stage, larvae bore the head and this can result in total damage of the 
harvested crop (Takeuchi et al., 2012; Sastrosiswojo and Setiawati, 1992; Rejesus and 
Navasero-Ward, 2003; Smyth et al., 2003b). 
 
Pesticides have primarily controlled Crocidolomia pavonana, however, other management 
strategies also help control this pest such as the use of plant extracts and pathogens 
(Rejesus and Navasero-Ward, 2003). Recent works show that the use of ascoviruses 
(Smede et al., 2008; Furlong & Sassan, 2010) and synthetic sex pheromones (Adati et al., 
2013) were effective for killing larvae and trapping adult moths. The egg parasitoid, 
Trichogramma chilonis Ishii (Uelese et al., 2014) is also a potential biological control agent 
for C. pavonana.    
 
1.4. Biology and ecology of diamondback moth, Plutella xylostella L. (Lepidoptera: 
Plutellidae) 
 
The focus of the current study is on C. pavonana; however, Plutella xylostella L. 
(Lepidoptera: Plutellidae) provides a useful comparison since it is a specialist Brassica 
feeder like C. pavonana and more is known about its interactions with its host plants. It is 
also important as a point of comparison because much of the pest management 
undertaken with crucifers targets this pest. 
 
Plutella xylostella is considered to be the most destructive pest of Brassica plants in the 
world (Talekar and Shelton, 1993; Furlong et al., 2013) because of its biology and ecology 
and its almost unrivalled propensity to develop resistance to pesticides (Talekar and 
Shelton, 1993). The estimated annual cost to manage this pest ranges from US$4 billion – 
US$5billion (Zalucki et al., 2012). The host range of the diamondback moth is mostly from 
the cultivated Brassica crops such as: cabbage (B. oleracea var capitata), cauliflower 
(Brassica oleracea var. botrytis), broccoli (Brassica oleracea var. italica), radish 
(Raphanus sativus), turnip (Brassica rapa pekinesis), Brussels sprout (Brassica oleracea 
var. gemmifera), chinese cabbage (Brassica rapa cv. gr. pekinensis), kohlrabi (Brassica 
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oleracea var. gonglylodes), mustard (Brassica juncea), rapeseed (Brassica napus), collard 
(Brassica oleracea var. acephala), pakchoi (Brassica rapa cv. gr. packhoi), saishin 
(Brassica oleracea var. alboglabra). 
  
The P. xylostella is nocturnal in behaviour as evidenced by when activities such as mating, 
oviposition and emergence of adults take place. Female moths lay eggs soon after mating 
and the oviposition period lasts up to four days with the majority of eggs laid at night, 
peaking between 7:00 to 8:00 pm. This implies that under laboratory conditions, where 
there is rearing of this pest for research purposes, withdrawal or lack of light should 
enhance oviposition. The average number of eggs being laid per female ranges from 11 – 
188 with more eggs laid on the leaves compared to stems and leaf petioles. Neonate 
larvae mine on the soft mesophyll leaves while older larvae feed on the lower surface and 
are able to consume all the tissue except the wax layer on the upper surface (Talekar and 
Shelton, 1993). The duration of larval instars depends on the temperature, with faster 
developmental times reported in warmer areas. For example, the development of first 
instars of P. xylostella to second instar is only 1.5 days when the temperature is at 32ºC 
while 13 days if temperature is at 8ºC (Liu et al., 2002). A pre-pupal stage takes place for 2 
days after the fourth instar has completed its feeding. The total development period of the 
pupa ranges from 4 to 15 days depending on temperature. Adult moths usually emerge in 
the afternoon between 1:00 to 4:00 pm with a peak at 2:00 pm. This pest is considered 
cosmopolitan in its distribution because of its ability to migrate over long distances 
(Talekar and Shelton, 1993). 
 
1.5. Factors affecting choice of feeding and oviposition sites by phytophagous 
insects 
 
1.5.1. Leaf surface 
  
The acceptance or rejection by insect herbivores of a certain plant as a host is influenced 
by their behavioural responses to either physical or chemical plant features (Bernays and 
Chapman, 1994). An insect herbivore exhibits a series of behavioural activities involving 
sensory neurons housed within sensilla. These behaviours include palpation or exploratory 
biting of plant tissue, which enables it to monitor the chemical odour of the plant or taste 
surface chemistry that will eventually lead to the rejection or acceptance of a plant as a 
host (Cribb and Merritt, 2013). Plant surfaces are made-up of epicuticular waxes, which 
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are of importance not only due to their physical attributes that protect the plant from 
dehydration but also their chemical properties that impact insect-plant interactions 
(Eigenbrode and Espelie, 1995). The epicuticular waxes affect insect herbivores via insect 
attachment, locomotion and allelochemical activity (Eigenbrode and Espelie, 1995; 
Eigenbrode and Jetter, 2002). Plant surfaces also contain complex mixtures of fatty acids, 
esters, alkanes and other secondary metabolites that may affect host selection and 
provide direct or indirect cues to insects related to acceptance of the plant as host 
(Bernays and Chapman, 1994). They can be the first line of defense against herbivores 
(Huang et al., 2003). There is strong evidence that physical characteristics of leaf waxes 
could be an important component for host-plant resistance in specialist Brassica-feeders. 
The glossy trait (reduced waxes) in B. oleracea is correlated with reduced mining and 
survival of P. xylostella neonates (Eigenbrode et al., 1990). Glossy genotypes have 
reduced densities of wax crystallites, which explain 69% of the variation of P. xylostella 
survival (Eigenbrode et al., 1991a; Eigenbrode and Shelton, 1991b). The first instars of P. 
xylostella establishing mines on glossy (resistant) plants have greater movement rates 
which results in prolonged time searching before feeding, reduced feeding, increased risk 
to neonates from desiccation, and exposure to predation (Eigenbrode et al., 1990; 
Eigenbrode et al., 1991a; Eigenbrode et al., 1991b). The effect is on the first two larval 
stages, which contributes to the reduced overall larval survival (Eigenbrode et al., 1990). 
P. xylostella neonates reject the resistant glossy plants as hosts for feeding (Eigenbrode et 
al., 1990), spending more time walking and less time palpating and biting compared with 
susceptible normal waxbloom Round-up cabbage (Eigenbrode et al., 1991b). 
 
Behavioural responses of phytophagous insects are not only attributed to physical features 
of the leaf waxes but can be related to a combination of stimulants and deterrents driven 
by chemical compounds present in the leaf surface waxes (Chapman and Bernays, 1989; 
Bernays and Chapman, 1994; Eigenbrode et al., 1991b). The triterpenols, α- and β-amyrin 
observed previously in Brassica napus, are also similar to sterols noticed in the surface 
lipids of the NY 8329 (glossy genotype of cabbage: Brassica oleracea). The similarity in 
structure may cause toxicity to phytophagous insects including P. xylostella (Eigenbrode et 
al., 1991b). As reported by Eigenbrode and Espelie (1995): fatty acids and short chain n-
alkanes deter settling of Myzus persicae (S.) (Hemiptera: Aphididae) and feeding of 
Locusta migratoria (L.) (Orthoptera: Acrididae) in sorghum. Triterpenols α-and β-amyrin 
inhibit feeding of L. migratoria when added to wheat flour discs, and reduces acceptance 
behaviour by P. xylostella (Eigenbrode and Espelie, 1995). But alkanes and fatty acids 
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found in Brassica are possible candidates as feeding stimulants or arrestants (Eigenbrode 
and Espelie, 1995; Chapman and Bernays, 1989). These chemicals play a role in a range 
of insects. Eigenbrode and Espelie (1995) reported that pea aphid is stimulated by C27, 
C29, C31 and C33 n-alkanes from the wax of a broad bean; silkworm Bombyx mori (L.) 
(Lepidoptera: Bombicidae) is stimulated by fatty alcohols in the surface lipids of mulberry 
leaves.  
 
1.5.2. Plant phenology 
 
Morphological and genetic characteristics of plants also play an important role in terms of 
host selection (Rejesus and Navasero-Ward, 2003). The ability of the insect to choose 
sites for oviposition can be driven by species and phenological stages (Smyth et al., 
2003ab; Karungi et al., 2010). A gravid female of C. pavonana is more attracted to 
Chinese cabbage and broccoli for oviposition but only the Chinese cabbage show 
suitability for C. pavonana offspring for survival (Karungi et al. 2010). C. pavonana females 
discriminate between phenological stages of cabbage since this is seen from data that 
show that pattern of oviposition under field condition is associated with growth stages of 
cabbage (Smyth et al., 2003b). For example, stage 4 plants (7-8 week old) were 
significantly more preferred for oviposition than stage 5 plants (9-11 week old, 
approximately 13-19 leaves) (Smyth et al., 2003b). Offspring of C. pavonana feeding on 
stage 4 developed more rapidly and survived better. This was attributed to stage 4 being a 
nutritionally superior host for their offspring (Smyth et al., 2003b). 
 
1.5.3. Plant secondary metabolites 
  
Plants produce a large diversity of secondary metabolites within their tissues, with many of 
these compounds being toxic or deterrent to herbivores and so serving as chemical 
defences (Hopkins et al., 2009; Schramm et al., 2012). Glucosinolates are one of the most 
important classes of constitutive plant defences and are water soluble sulfur- and nitrogen-
rich secondary metabolites deposited in the vacuoles of plant tissues, mostly found in the 
Brassicaceae (Kliebenstein et al., 2002; Textor and Gershenzon, 2009; Halkier and 
Gershenzon, 2006; Sarsby et al., 2012; Baskar et al., 2012). They have been almost 
exclusively reported from plants in the order Capparales that includes Brassicaceae, 
Capparaceae, and Caricaceae. Plants containing glucosinolates have the myrosinase (β-
thioglucosidase) enzyme present in myrosin cells and this is responsible for the hydrolysis 
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of glucosinolates during herbivore feeding, which leads to the formation of different 
products such as isothiocyanates, nitriles, epithionitriles and thiocyanates (Figure 2) 
(Textor and Gershenzon, 2009; Halkier and Gershenzon, 2006; Schramm et al., 2012; 
Baskar et al., 2012).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. The glucosinolate-myrosinase system in plants and its hydrolysis products 
during herbivory (modified from Winde and Wittstock, 2011). 
 
 
Most of the hydrolysis products can exhibit outright toxicity, growth inhibition, or feeding 
deterrence for a wide range of potential plant enemies including insects, mammals, 
bacteria and fungi (Textor and Gershenzon, 2009; Halkier and Gershenzon, 2006; 
Schramm et al., 2012). Studies show that plants can increase their resistance against 
repeated attacks by insect herbivores and respond to insect damage through systemic 
accumulation of glucosinolates (Halkier and Gershenzon, 2006; Baskar et al., 2012). In a 
study conducted by Li et al., (2000) both allyl glucosinolate (sinigrin) and allyl 
isothiocyanate were demonstrated to be toxic to the generalist herbivore, Spodoptera 
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eridania (C.) (Lepidoptera: Noctuidae) whereas only the allyl isothiocyanate affected the 
specialist P. xylostella. Pieris rapae (L.) (Lepidoptera: Pieridae), feeding on diets with allyl 
isothiocyanate demonstrated decreased herbivory, survival and growth and increased time 
to full development (Agrawal and Kurashige, 2003).  
 
But some insects have developed the capacity to utilize this form of plant defence; for 
example glucosinolates are involved in host-plant recognition (Renwick et al., 2006; 
Eckardt, 2001), where some of the compounds act as cues for feeding or oviposition 
(Halkier and Gershenzon, 2006). Renwick et al. (2006) reported that a low concentration of 
volatile isothiocyanates at the leaf surface stimulates P. xylostella females to oviposit and 
is detected by the cabbage root fly for host recognition. Also, volatile isothiocyanates in 
Brassica napus have been found to attract cabbage seed weevil (Eckardt, 2001). 
Oviposition does not damage leaves in the same way as feeding (which liberates odours) 
but, since glucosinolates are readily available near the leaf surface these are easily 
detected by moths upon landing (Städler & Reifenrath, 2009). This supposition is 
supported by the study of Marazzi and Städler (2004), where the P. xylostella moths were 
found to prefer to oviposit on Brassica napus that received sulfur fertilization, rather than 
on plants that had not received additional sulfur. 
 
Despite the ability of plants to build up defense compounds to protect themselves from 
subsequent herbivore attacks (Ahuja et al., 2010; Schramm et al., 2011; Mewis et al., 
2005; Shroff et al., 2008; Falk and Gershenzon, 2007), some generalist and specialist 
feeders have developed strategies to overcome toxicity or countermeasures which enable 
them to feed successfully with little or no adverse effects on their growth, development and 
survival (Wittstock et al., 2004; Falk and Gershenzon, 2007; Textor and Gershenzon, 
2009; Winde & Wittstock, 2011; Schramm et al., 2011; Heckel, 2014; Pentzold et al., 
2015). Some insect species have incorporated plants containing glucosinolate into their 
diets (Falk and Gershenzon, 2007) by modifying physiological processes that result in 
evasion of the toxins (Brattsten, 1992). The insects’ adaptive mechanism to toxic plant 
compounds can be described as: (1) behavioural resistance that reduces exposure to 
toxins through changes in feeding behaviour, (2) physiological resistance that cuts uptake 
and transport of toxins to active sites through sequestration and enhanced excretion rates, 
and (3) biochemical resistance through enzymatic detoxification. The enzymes present in 
these insects increase solubilization and excretion, thus decreasing the biological activity 
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of the compounds (Heckel, 2014). In most cases, detoxification often occurs in the midgut 
where the enzymes are located (Heckel, 2014). 
 
The nitrile-specifier protein (NSP) present in the gut of P. rapae larvae enables the 
caterpillars to work biochemically against the glucosinolate-myrosinase defence system of 
their host plants. They bypass production of the most toxic component: the NSP is 
responsible for the formation of epithionitrile or nitriles, which are generally less toxic than 
the alternative isothiocyanates, and are excreted in the frass as unmetabolised (Wittstock 
et al., 2004). In the same way, Plutella xylostella uses the sulfatase in its gut to produce 
desulfated glucosinolates that greatly reduces the formation of hydrolysis products by 
myrosinase activity (Ratzka et al., 2002; Schramm et al., 2012; Halkier and Gershenzon, 
2011; Textor and Gershenzon, 2009). The generalist desert locust, Schistocerca gregaria 
(F.) (Orthoptera: Acrididae) likewise utilises sulfatase when it feeds on Schouwia purpurea 
containing glucosinolates (Falk and Gershenzon, 2007). Another generalist, the cotton 
leafworm, Spodoptera littoralis (B.) (Lepidoptera: Noctuidae) has been shown to convert 
[14C] 4-methylsulfinylbutyl isothiocyanate (4msob-ITC) glucosinolate present in rosette 
leaves of A. thaliana (Col 0) to [14C] 4-methylsulfinylbutyl istothiocyanate glutathione 
(4msob-ITC-GSH) conjugate, with the majority of the ingested isothiocyanates therefore 
excreted in the frass (Schramm et al., 2012). 
 
Some insects also utilize the toxins in other ways, for example they are able to sequester 
toxic compounds, which they can then use to protect themselves from attack by predators 
(Kazana et al., 2007, Ahuja et al., 2010). This has been demonstrated for glucosinolates: 
the pentatomid harlequin bug, Murgantia histrionica (H.) (Hemiptera: Pentatomidae) 
sequesters glucosinolates as evidenced by higher concentration of glucosinolates in their 
body; this is hypothesised to be the cause for a lower percentage of predation than found 
for non-toxic controls (i.e. crickets and mealworms) (Aliabadi et al., 2002). In addition, the 
wingless cabbage aphid, Brevicoryne brassicae also sequesters glucosinolates, which 
results in non-survival of Adalia bipunctata larvae (Kazana et al., 2007). The way that C. 
pavonana handles glucosinolates and toxic hydrolysis products is not yet known. 
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1.6. Introduction to experimental chapters 
 
The focus of the research in this thesis is the large cabbage moth, Crocidolomia pavonana 
(F.) (Lepidoptera: Crambidae), specifically how it chooses feeding and oviposition sites, 
including factors such as plant age, leaf age, leaf surface wax and leaf toughness, what 
effect glucosinolates and hydrolysis products have on survival and growth, and how this 
pest handles the toxicity of the hydrolysis products. 
 
Chapter 2 is the first of the three experimental chapters. The aim of the chapter was to 
develop a suitable artificial diet for studying the influence of glucosinolates and hydrolysis 
products on survival and growth of C. pavonana.  Four diets were tested for preference, 
survival and development; one a base diet excluding leaf material and the others 
containing a range of leaf materials. Of the different diets, that with cabbage leaf was 
found to be ideal for C. pavonana development; however the base diet could be 
augmented for behavioural studies of C. pavonana neonates. Cabbage leaf, allyl 
glucosinolates (sinigrin) and allyl isothiocyanate were investigated as larval orientation and 
feeding stimulation cues using 1) feeding bioassays and 2) olfactometer tests. 
 
Chapter 3 aimed to assess plant characteristics as mechanisms underlying pattern 
generation in moth oviposition and larval feeding choices. Plant age and leaf age were 
considered. Leaf characteristics affected by leaf age, such as surface waxes and leaf 
toughness were examined. Experiments were conducted with the crucifer specialist P. 
xylostella as control. Leaf wax profile of older and younger leaves was measured using 
scanning electron microscopy. Leaf wax was investigated as a possible feeding stimulant, 
using artificial diet. 
 
Chapter 4 aimed to study the toxicity of glucosinolate hydrolysis products for C. pavonana 
neonates, across a range of concentrations. Growth and survival of C. pavonana neonates 
were assessed using the base artificial diet developed in Chapter 2, augmented with 
hydrolysis products.  The crucifer specialist, P. xylostella was used as a control in order to 
compare whether C. pavonana has a similar response to glucosinolate toxicity. 
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Chapter 2. Development of an artificial diet for the large cabbage moth, 
Crocidolomia pavonana F. and behavioural significance of sinigrin (allyl 
glucosinolate) and allyl isothiocyanate. 
 
Abstract 
 
Large cabbage moth, Crocidolomia pavonana F. is one of the most damaging crucifer 
specialists attacking Brassica crops, but little is known about many aspects of their life 
history and interaction with host plants. The development of an artificial diet is essential for 
conducting laboratory studies of this species. Four different kinds of agar-based diets were 
compared by assessing feeding preference, survival and development of C. pavonana. 
Neonate survival (87%) and completion of development (81%) were greater on diet 
containing powdered cabbage than on the other diets. On plain diet only 2% of larvae 
survived until the fourth instar but they did not complete development until adulthood, 
whereas there was zero survival for diet containing wheat grass or spinach powder. In 
behavioural experiments, 96% of the neonates located diet when it contained cabbage leaf 
powder while only 8% located diet without powdered cabbage. More than twice the 
number of feeding marks was recorded on paper disks soaked in diet with cabbage than 
those soaked in diet without cabbage. These behavioural responses of neonates on diet 
with cabbage were found to be associated with the glucosinolates present in cabbage 
plants. Neonates were induced to feed on leaf disks of the non-host cotton plant 
Gossypium hirsutum L. (Sicot 71RRF), when painted with sinigrin. Similarly, sinigrin added 
to diet without cabbage also elicited a feeding response, which resulted in greater weight 
gain by neonates compared with neonates given access to plain diet only. In a two-arm 
olfactometer test, the olfactory response of neonates was stronger for ally isothiocyanates 
than sinigrin, which probably explains the strong attraction of neonates to damaged plants. 
Sinigrin appears to be an important chemosensory feeding stimulant for C. pavonana, with 
allyl isothiocyanate as preferred olfactory cue in the presence of cabbage plants. 
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2.1. Introduction 
 
Behavioural responses of early instars are usually mediated by chemical cues associated 
with the physical and chemical characteristics of the host plants or certain plant parts 
(Bernays and Chapman, 1994; Zalucki et al., 2000). Commonly, plant secondary 
metabolites that are locally or systemically induced are utilized by adapted insect 
herbivores (Chapman & Bernays, 1989; Karban and Baldwin, 1997) either as attractants 
or phagostimulants (Bernays, 1998) or as cues to recognize a host (Badenes-Perez, 
2014). However, these plant compounds may also act as deterrents to other herbivores or 
are toxic (Bennet and Wallsgrove, 1994). In some cases insects use them to protect 
against predators (Pickett et al., 1999; Hopkins et al., 2009).  
 
The large cabbage moth, Crocidolomia pavonana F. feeds on different members of 
Cruciferae such as, pak choi (B. chinensis), chinese cabbage (B. campestris) and cabbage 
(B. oleracea) (Rejesus and Navasero-Ward, 2003; Sastrosiswojo and Setiawati, 1987). 
The species is one of the most damaging crucifer specialists attacking Brassica crops, 
particularly in tropical and sub-tropical Asia (Rejesus and Navasero-Ward, 2003) and is 
second only to the diamondback moth, Plutella xylostella, as a pest in Southeast Asia. The 
occurrence of C. pavonana has increased due to the reduction of insecticide application 
against P. xylostella, with promotion of use of the biocontrol agents for this pest (Rejesus 
and Navasero-Ward, 2003; Karungi et al. 2010). The larvae of C. pavonana gregariously 
attack host plants at different stages (Rejesus and Navasero-Ward, 1993) and damage 
can result in 100% yield loss when left uncontrolled (Sastrosiswojo and Setiawati, 1987; 
Peter et al., 1988). Despite its importance, C. pavonana has not been well studied and 
many aspects of its biology and ecology, including its feeding behaviour remain poorly 
understood, including its feeding behaviour.  
 
Glucosinolates are sulphur and nitrogen rich secondary metabolites present in 
Brassicaceae and upon degradation by myrosinase, different toxic products such as 
isothiocyanates, thiocyanates and nitriles are released (Halkier and Gershenzon, 2006; 
Hopkins et al., 2009). Both intact glucosinolates and their breakdown products are 
important in insect – plant interactions, specifically through adaptation for host-selection by 
insect herbivores (Bruce, 2014). For crucifer specialists, secondary metabolites were 
shown to play a significant function in the acceptance and rejection of food in early 
studies. For example, Pieris rapae (Verschaffelt, 1910) and P. xylostella (Thorsteinson, 
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1953; van Loon et al., 2002) were stimulated to feed on non-host plants when treated with 
sinigrin. The breakdown products referred to as isothiocyanates have been known to elicit 
oviposition (Renwick, 2006). Specialist herbivores have not only evolved to grow well on 
plants containing glucosinolates but have developed adaptive mechanisms to circumvent 
toxicity of the plant compounds (Bruce, 2014). For example, P. xylostella uses the 
sulfatase in its gut to convert glucosinolates into desulfoglucosinolates which are no longer 
substrates for myrosinases (Ratzka et al., 2002); P. rapae possess a nitrile-specifier 
protein in the gut that redirect hydrolysis reaction towards less toxic nitriles which are 
excreted with the feces (Wittstock, 2004). Different species respond differently to such 
plant compounds (Feeny, 1977; Bennett & Wallsgrove, 1994). These mechanisms have 
been studied for both P. rapae (Winde & Wittstock, 2011) and P. xylostella (Li et al., 2000), 
but not C. pavonana. 
 
In order to study the role of glucosinolates and their hydrolysis products for C. pavonana, 
especially how this pest handles such plant compounds, a suitable laboratory diet is 
necessary. The use of insect diet can eliminate other factors possibly affecting feeding 
behaviour, such as plant structure, whole-leaf characteristics and leaf surface. Here, a diet 
previously reported by Kurihara et al. (1987) was modified. The diet was used to 
investigate the behavioural responses of neonates to sinigrin (allyl glucosinolate) and allyl 
isothiocyanate. 
 
2.2. Materials and Methods 
 
2.2.1. Plants 
 
Seedlings of common cabbage, Brassica oleracea cv. sugarloaf were grown in individual 
pots (125mm; SL Taglok) 11.5 cm in diameter using the organic UQ23 potting mix 
(University of Queensland Central Glasshouse) with 3-4 g of slow-release NPK fertilizer 
[Osmocote (NPK ratio, 16:3.5:10); Scots Australia, Baulkham Hills, New South Wales] and 
allowed to grow under natural temperature and light conditions (26±2°C, 12L:12D) in a 
well-ventilated glasshouse at The University of Queensland, St. Lucia.  
 
2.2.2. Insects 
Laboratory cultures of C. pavonana were maintained in a controlled temperature room 
(±230C). Adult moths were caged in 45 x 45 x 45 cm plastic framed insect cages (EM4030; 
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Australian Entomological Supplies Pty., Ltd.). Two potted plants of B. olearacea (2-3 
weeks after transplanting) were introduced into each cage with C. pavonana for 
oviposition. Adult moths were supplied with 10% honey solution as food via a cotton dental 
wick (Henry Schein®). When moth populations were plentiful, honey solution was poured 
into folded tissue paper placed on top of the lid of a plastic box (13.5 x 18.7 cm; Tri-State 
Plastics, Dixon) to ensure sufficient access to nutrition for the moths. Leaves with egg 
masses that were about to hatch were cut free from plants and placed into ventilated 
plastic boxes (22 x 18 x 9 cm; Décor freshtell) lined with dry tissue paper or paper towel at 
the bottom of the box. Larvae were reared with fresh excised B. oleracea leaves 
(preferably 3-4 weeks old after transplanting) replenished daily and with old leaves 
removed. Fourth instar larvae were transferred into separate boxes with vermiculite for 
pupation until they emerged as adults.  
 
2.2.3. Preparation of diet 
 
A diet previously reported by Kurihara et al. (1987) for Crocidolomia binotalis (=pavonana), 
was modified for use in the experiments and to ensure that no components would affect 
the behavioural responses of the neonates other than the plant compounds tested (Table 
1). The diet was modified by reducing the amount of agar and the volume of water was 
increased to provide a suitable texture for use in experiments. The components, sodium 
sorbate, methyl p-hydroxyl-benzoate and formalin, were excluded because they were not 
commercially available during the conduct of thesis. Nevertheless, these components 
were found unnecessary. The cholesterol was removed because it could be replaced by 
peanut oil and a permit is now needed to use this component. Products that were made 
from Brassica plant were substituted or replaced: the rapeseed oil was substituted for by 
using peanut oil whereas alternatives for cabbage leaves were explored by using other 
plant leaves in order to develop a nutritionally sound and suitable diet for feeding by 
neonates. Powdered leaves from different plants were also added to provide a source of 
chlorophyll. Hence, the following diets were evaluated: 
 
The base diet excluded cabbage leaf powder and was used to assess alternative diets. 
Powdered leaves from different plants were added individually, making up the same 
proportion as the replaced cabbage leaf powder. Four diets were tested: T1 – diet 
excluding leaf material, T2 – diet with cabbage leaf powder, T3 – diet with wheat leaf 
powder (wheat grass), and T4 – diet with spinach leaf powder. Wheat grass and spinach 
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powder were used in this experiment as they don’t belong to Brassicaceae but they can be 
a good source of chlorophyll in an insect diet. Cabbage leaf and spinach leaf powder were 
prepared by drying leaves in an oven for 24 and 12 hours respectively, at 600C. The dried 
leaves were then pulverized using a mortar and pestle. Wheat leaf powder (Organic wheat 
grass, Morlife Pty Ltd) was sourced commercially. For each treatment, the base diet 
ingredients (Table 1 with the cabbage leaf powder excluded) were mixed together by 
stirring in a 500 ml beaker. Where leaf powder was incorporated, it represented the same 
proportion of the diet as the original cabbage leaf powder (Table 1). The mixed ingredients 
were brought to a boil for 3-5 minutes except the chloramphenicol, using a microwave 
(Samsung, 1000W) at maximum power. After boiling, the diet was allowed to cool at 45-
500C. Once the temperature of the diet is at this stage, the chloramphenicol was added 
and then poured the diet into plastic Petri dishes (90 mm) and allowed to cool. 
 
 
Table 2.1. Composition of the (ideal) modified diet for Crocidolomia pavonana.  
Component   Dry weight    Component      Dry weight   
Agar1    9 g     (10.5)     Chloramphenicol1       0.1 g  (0.1) 
Casein1   15 g   (15)    Acetic acid1       0.5 ml (0.5) 
Dried yeast (Torula)  12 g   (0)    Sodium sorbate       0 g      (0.1) 
Dried yeast (Ebios)      0 g    (12)    Methyl p-hydroxybenzoate   0 g      (0.1) 
Cabbage leaf powder 12 g   (12)    Peanut Oil4                  0.3 ml (0)   
Cellulose1    6 g    (6)    Salt mixture (WESSON'S)3   2.4 g   (2.4) 
Cholesterol    0 g    (0.3)    Tween 201        0.3 ml  (0.3) 
Choline chloride1   0.6 g (0.6)    Rapeseed oil       0 ml     (2.4) 
Ascorbic acid1   0.9 g (0.9)    4% Formalin       0 ml     (6) 
Folic acid1    0.6 g (0.6)     Distilled water       300 ml (290) 
Values in bracket are the amount from the original diet. Zero values means not included as 
diet ingredient. Numbers in superscript indicate the manufacturer of the product. 
1 Sigma-Aldrich     2Lotus     3MP Biomedicals       4Melrose  
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2.2.4. Survival and development of Crocidolomia pavonana on four diets 
 
The four diets were tested using newly emerged unfed neonates, in order to determine 
growth and survival of C. pavonana. Prepared diet was sliced into pieces (205 mg/slice) 
and an individual piece introduced into a 30 ml Huhtamaki clear plastic graduated portion 
cup (Huhtamaki BCP Ltd.). To allow oxygen inside each cup, each lid was perforated with 
holes using pointed forceps (Bioquip, #1). A single neonate was introduced into each cup, 
on the undersurface of the lid. Thirty two cups were allocated to each diet treatment. 
Sliced diet present within cups was replaced every other day. Number of surviving larvae 
each day, days to development to each instar stage and pupal weight were recorded, and 
the number of emerging adults logged. 
   
2.2.5. Behavioural bioassays 
 
2.2.5.1. Orientation cue 
 
Initial observations that neonates moved towards diet containing cabbage suggested that 
cabbage acts as a cue for host recognition. Hence, an experiment using the diet with and 
without cabbage powder was conducted to determine if the cabbage in the diet served as 
a cue to locate food from a distance. The experiment was conducted using 30 ml 
Huhtamaki clear plastic graduated portion cups (Huhtamaki BCP Ltd.). The diets were cut 
into pieces (approximately 205 mg/piece) and placed as single pieces at the bottom of 
each plastic cups. To determine if the diets influence the orientation behaviour of neonates 
towards the diet, single neonates were positioned under the lid of each cup. The lids were 
perforated using a pointed forcep (#1) to allow oxygen inside each cup. The number of 
neonates having moved towards the diet was recorded at 24 hours. Weight gain of 
neonates was recorded by taking the initial weight of each caterpillar (before they were 
offered food) and final weight after 24 h, using a balance with 0.0001g sensitivity (Mettler 
Toledo XS3DU). A final weight was determined after 4 h by allowing the neonates to void 
their guts. Weight gain was calculated following the formula: Weight gain = Final weight – 
Initial weight. A total of 50 neonates were tested individually, for each of the two 
treatments. 
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2.2.5.2. Feeding bioassays 
 
To determine the effect of cabbage on the feeding behaviour of C. pavonana and to test 
whether the cabbage stimulated feeding by the neonates, an experiment comparing diet 
with and without cabbage was conducted using filter paper disks (15 mm diameter, 
Advantec #1). The plain diet and diet with cabbage were prepared following the 
methodology in ‘Preparation of diet’, above. Before solidification, filter paper disks were 
soaked by dipping individual disks into the diets with and without cabbage. The solidified 
and cooled disks were then placed individually in plastic Petri dishes (30mm diameter) 
lined with a moistened filter paper. One neonate was placed on each disk in this no-choice 
assay, replicated 20 times (N=20 per diet). To determine whether there was a stimulatory 
effect on feeding from cabbage, feeding marks on the filter paper were counted under a 
Dino-lite microscope (source) after 24 h. 
 
To determine if glucosinolates stimulate feeding behaviour of C. pavonana neonates on 
non-host plants, a no-choice assay was constructed using a four-week old cotton plant, 
Gossypium hirsutum (Sicot 71RRF). I used allyl glucosinolate (specifically sinigrin) in this 
experiment because it was previously used for diamondback moth research (Li et al., 
2000) and because DBM was used as control in the different experiments. So the 
chemical was chosen for consistency with the literature data. However, it is proposed that 
other glucosinolate can also be tested, although not commercially available. The 
chemicals used were purchased from Sigma-Aldrich and the purity of allyl glucosinolate 
(sinigrin) and allyl isothiocyanate was ≥99.0% and ≥95%, respectively.  
 
Leaves of the cotton plants were cut into disks (15 mm diameter) and were evenly treated 
with the glucosinolate and its hydrolysis products at 10µmol/g diet for sinigrin (allyl 
glucosinolate) and 10 and 1µmol/g diet for allyl isothiocyanate (aqueous solution). Sinigrin 
and allyl isothiocyanate were dissolved in distilled water and 100% acetone, respectively. 
Both abaxial and adaxial surfaces of the newly punched leaves were coated by using a 
small paintbrush (no. 2). There were three control disks in this experiment: cabbage leaves 
(i.e. containing glucosinolates), cotton leaves painted with distilled water and cotton leaves 
painted with acetone. The treated leaves were presented to neonates in adaxial position 
(N=20). After 24 h the number and area of feeding sites were counted and measured 
under a Dino-lite microscope. Weight gained was determined by taking the initial and final 
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weight of neonates as above. The caterpillars were allowed to void their guts for 4 h and 
weighed. 
 
To test the effect of sinigrin (allyl glucosinolate) directly on mortality and weight gain of C. 
pavonana neonates, an experiment was conducted comparing diet containing cabbage 
powder, diet with no cabbage or sinigrin, and diet containing sinigrin at 1 or 3.2 µmol/g 
diet. The diet containing sinigrin was prepared by making one single large batch of diet 
without cabbage leaf powder, and when approximately 450C, splitting it into sub-batches to 
which the sinigrin (dissolved in distilled water) was added at concentrations of 1 and 3.2 
µmol/g diet, and thoroughly mixed. The mixtures were poured into 90 mm plastic Petri 
dishes and allowed to solidify. Diets were presented to neonates in pieces (205 mg) in a 
no-choice assay (N=30) using a 30 ml Huhtamaki clear plastic graduated portion cup with 
perforated lids (Huhtamaki BCP Ltd.). The experiment was carried out at ±230C. Mortality 
and weight gain were assessed after 24 h. 
 
2.2.6. Olfactometer tests 
 
The response of C. pavonana neonates to odour components was studied by performing a 
series of dual olfactometer experiments. The olfactometer consisted of a 90 mm stem and 
100 mm arms with internal diameter of 10 mm glass Y-tube olfactometer at 450 angle and 
148 mm long, 144 mm wide, and 155 mm high glass chambers. Air was supplied via a 
vacuum line that drew room air through activated charcoal filters on the olfactometer arms 
and then the Y-stem, at a rate of 1mL/min. To avoid bias, a light source (15W Osram white 
light) was placed above the glass chambers at the end of the Y-tube arms. Single 
neonates were released inside the stem entrance of the Y-tube and observed for 20 min. 
When a single neonate moved more than half way (4.5 cm) into one of the arms and 
remained there for at least 20 seconds, it was recorded as being attracted to the odour 
source associated with that arm, whereas neonates that did not make a choice within 20 
minutes were recorded as non-responders and discarded. After testing each individual, the 
Y-tube was cleaned with 96% ethanol and dried. The insects used in all olfactometer 
experiments were unfed 1st instars. 
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2.2.7. Response of C. pavonana neonates to damaged and undamaged plants 
 
Eight-leaf stage cabbage plants, B. oleracea cv sugarloaf were used to determine the 
response of neonates to the volatiles emitted by damaged and undamaged plants. For 
damaged plants, leaves were mechanically damaged to eliminate interaction between the 
saliva of the insect and tissue of the plant that may affect response by C. pavonana. 
Plants were damaged before the start of the experiment by squeezing each leaf once, 
using forceps with corrugated tips, so that the corrugations cut into the leaf tissue. The 
chambers of the olfactometer containing the plants were rotated every after five individual 
neonates tested, and the plants were changed every 10 neonates tested. The Y-tube was 
also washed every after every individual neonates tested with 96% ethanol and dried. A 
total of 40 neonates were tested. 
 
2.2.8. Olfactory responses of C. pavonana neonates to sinigrin and allyl isothiocyanate 
 
The glucosinolate hydrolysis products, sinigrin (allyl glucosinolate) and allyl isothiocyanate 
were tested for attraction by 1st instars of C. pavonana. A dual-choice olfactometer test 
used filter paper (Advantec #1) cut into a 34 mm diameter disks to which the sinigrin and 
allyl isothiocyanate were applied. Filter paper disks were treated with the chemicals by 
soaking into an aqueous solution of 10µmol/ml of solvent of sinigrin or 10µmol or 1µmol/ml 
of solvent of allyl isothiocyanate. Sinigrin and allyl isothiocyanate were dissolved in 
distilled water and 100% acetone, respectively. The impregnated disks or control disks 
were placed inside the glass connector at the ends of the Y-tube arms, and were changed 
every five individuals tested. Comparisons were made between 10µmol/ml of solvent of 
sinigrin and allyl isothiocyanate (N=37), 10µmol/ml of solvent of sinigrin and filter paper 
control (with distilled water) (N=45), 10µmol/ml of solvent of allyl isothiocyanate and filter 
paper control (with distilled water) (N=42), and 10µmol/ml of solvent of allyl isothiocyanate 
and filter paper control (with distilled water) (N=45). 
  
A further experiment used the same Y-tube olfactometer set-up to assay orientation to a 
10µmol/ml of solvent of sinigrin or allyl isothiocyanate impregnated into filter paper disks, 
but presented in the presence of whole undamaged cabbage plants (N=47). The plants 
were placed inside the end chamber on each Y-tube arm. 
 
 
 21 
2.2.9. Statistical analysis 
 
Larval survival to each developmental stage of C. pavonana on different diets was 
analysed using the Kaplan-Meier procedure, with analysis run using Prism (GraphPad 
Prism® Version 6.0h). In the no-choice assay which investigated the number of neonates 
that orientated towards diet with and without cabbage, and in the dual-choice Y-tube 
olfactometer tests between diet with and without cabbage, damaged and undamaged 
plants, sinigrin and allyl isothiocyanate data were compared using a Chi-square test, 
performed using R-statistical software (R Core Team 2013. R Foundation for statistical 
Computing, Vienna, Austria. URL http:// www.R-project.org). Raw responses were 
converted to percentages for presentation. 
 
In feeding bioassays using the non-host plant with sinigrin and allyl isothiocyanate applied 
to the surface and compared with artificial diet, data on the weight gained, number and 
area of feeding sites, and mortality were tested for normality using a Ryan-Joiner normality 
test performed in Minitab® (version 16). For normally distributed data, analysis of variance 
was used to analyse the data. Means were back transformed and converted to percentage 
for graph presentation. Data not normally distributed were tested with a Kruskal-Wallis 
test. For the experiment using diet-impregnated filter paper disks, the number of feeding 
marks was compared by T-test. All data in feeding bioassays were analysed using Prism 
(GraphPad Prism® Version 6.0h). 
 
 
2.3. Results 
 
2.3.1. Survival and development of Crocidolomia pavonana on different diets 
 
The different diets significantly affected survivorship of C. pavonana caterpillars (Kaplan-
Meier test , X2=121.0, d.f.=3, P=0.0001) (Figure 2.1). The neonates feed more on diet with 
cabbage powder and achieved the highest larval survival of about 87% until fourth instar. 
Over 84% of the neonates reached pupal stage and more than 81% developed as adults. 
Development from 1st instar to adult stage took 28.99±0.29 days.  
 
In the diet only (no cabbage, wheat grass or spinach), around 28% of the neonates tested 
survived the first larval stage. However, surviving larvae declined until fourth instar with 
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only 2% survival. No caterpillars were able to pupate. The larval development time from 1st 
instar to second instar was five days longer (8.05 ±0.77 days) compared with neonates 
feeding on diet with cabbage powder (3.26 ±0.18 days).  
 
Diets that contained wheat grass or spinach powder allowed for only very poor survival.  
Neonates only survived for 10 days and perished as first instars when offered with food 
that contains wheat grass, while those given diet with the spinach powder only lived for 
two days. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Kaplan-Meier survivorship curves of newly emerge first instar, unfed, 
Crocidolomia pavonana to each developmental stage, when reared individually in small 
cups (30 ml Huhtamaki clear plastic graduated portion cup (Huhtamaki BCP Ltd.)) 
provided with pieces (205 mg/slice) of diet with cabbage, diet without cabbage (base diet), 
diet with wheat grass and diet with spinach, at ±230C. The diet was presented as a piece 
(205 mg) for each individual neonate. The diets significantly affected the survival of C. 
pavonana with the diet containing cabbage achieving the highest survival to imago stage 
(X2=121.0, d.f.=3, P=0.0001). N = 32 per diet. 
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2.3.2. Behavioural responses of C. pavonana on diet with and without cabbage leaf 
powder 
 
In a no-choice assay, 96% of the neonates were found feeding on the diet with cabbage 
powder while only 8% were observed on diet without cabbage, after 24 hours (with 
cabbage: X2(1, N=50)=37.23, P=0.001; without cabbage: X2(1, N=50)=9, P=0.002) (Figure 
2.2). With cabbage, weight of neonates increased by 50% after 24 h while neonates in the 
presence of diet without cabbage decreased in weight by 15%. As a result, weight gained 
is significantly greater with neonates in the presence of diet containing cabbage powder 
(Mann-Whitney U test: (U=66, d.f.=56 P=<0.0001). The results indicate that access to diet 
with cabbage leads to greater orientation to the diet.  Weight gain may be the result of 
finding the diet and therefore having access to food, but it may also be because cabbage 
leaf powder is needed to encourage feeding (a feeding stimulant). This dilemma is 
assessed through the next experiment. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. (A) Percentage of unfed 1st instar Crocidolomia pavonana neonates that 
located diet with and without cabbage powder and (B) weight gained (mg) at 24 hours of 
feeding inside a 30 ml Huhtamaki clear plastic graduated portion cup (Huhtamaki BCP 
Ltd.) supplied with pieces (205 mg/slice) of diet either with or without cabbage. Neonates 
were considered to have moved towards the diet when they were observed moving around 
or feeding on the diet. Weight gained (mg) was determined by subtracting the initial weight 
from the final weight after 24 hours. Final weight was determined by weighing the 
caterpillars using a weighing scale with 0.0001 g sensitivity (Mettler Toledo XS3DU) after 4 
hours of allowing the caterpillars to void their guts. Neonates were significantly attracted to 
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diet with cabbage X
2
(1, N=50) = 37.23, P=0.011; N = 50 for each treatment. Neonates 
given access to cabbage diet also shows positive weight as assessed with a Mann-
Whitney U test (U=66, d.f.=56 P=<0.0001). N for diet with cabbage = 49; without cabbage 
= 48 after mortality. Boxplots with different letters are statistically different from one 
another. 
 
 
When caterpillars were presented with filter paper disks impregnated with diet with 
cabbage and diet without cabbage in a no-choice assay, more neonates were attracted to 
paper disks soaked in diet with cabbage and this is indicated by significant number of 
feeding marks (t=2.97, d.f.=38, P=0.005) (Figure 2.3A). The result indicates that the 
presence of cabbage leaf powder in the diet stimulates feeding behaviour. 
 
An experiment was then used to confirm that diet with cabbage leaf powder was an 
olfactory stimulant involved in orientation to the diet. When neonates were tested for their 
response to the odour coming from the diet with and without cabbage in an olfactometer, 
the number of neonates attracted to diet with cabbage powder was significantly higher 
compared to diet without cabbage  X
2
(1, N=45)=8.02, P=0.004) (Figure 2.3B). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. (A) Mean number of feeding marks by Crocidolomia pavonana neonates on 
paper disks (15 mm in diameter) soaked in diet with or without cabbage powder. Paper 
disks impregnated with diet were presented to unfed 1st instar neonates in a no-choice 
assay. The mean number of feeding marks is significantly greater on paper disks soaked 
in diet with cabbage, assessed using a T-test (t= 2.97, d.f.=38, P=0.005). Means and error 
bars are presented. N = 20 for each diet. (B) Olfactory response of C. pavonana neonates 
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to diet with and without cabbage. A greater percentage of neonates moved towards the 
arm associated with the odour of diet with cabbage (X
2
(1, N=45)=8.02, P=0.004). N=45. 
Asterisks and bars with different letters on top indicate significant difference between 
treatments.  
 
 
2.3.3. Feeding response of Crocidolomia pavonana to non-host plant with sinigrin and allyl 
isothiocyanate added topically 
 
Both sinigrin and allyl isothiocyanate had a significant stimulatory effect on the feeding 
behaviour of first instar C. pavonana when applied to leaf disks from a non-host plant. 
Cotton leaves treated with 10 µmol/ml solvent of sinigrin and 10 µmol/ml solvent of allyl 
isothiocyanate did not differ from the control cabbage leaf disks for both number of feeding 
sites and area of feeding sites (Figure 2.4A&B); however they did differ from cotton leaf 
disks treated with 1 µmol/ml solvent of allyl isothiocyanate and cotton leaf disks treated 
with water or with acetone (Kruskall Wallis test: number of feeding sites: H=49.16, 
d.f.=113, P=<0.0001, area of feeding sites: H=54.27, d.f.=113, P=<0.0001) (Figure 
2.4A&B). Weight gain was greatest for cabbage leaf discs (0.07 mg) and this differed 
significantly from all other treatments and controls, however there was a significant 
difference in weight gain of larvae that fed on cotton leaves with sinigrin (0.01), when 
compared with cotton leaf discs that had water only, applied (Kruskal-Wallis: H=54.78, 
d.f.=97, P=0.0001) (Figure 2.4C). 
 
The role of sinigrin was further explored in an experiment that compared the survival and 
weight gain of neonates provided with diet containing powdered cabbage compared with 
diet containing no cabbage or sinigrin, and diet with 1 or 3.2 µmol/g diet.  Mortality or 
weight gain of neonate C. pavonana did not differ for diet containing cabbage or either 
concentration of sinigrin, however there was a significant difference between these diets 
and diet without sinigrin (or any cabbage) (Mortality: Anova: F=8.08, d.f.=3,8, P=0.008; 
Weight gain: Kruskall-Wallis: H=15.79, d.f.=40, P = 0.001) (Figure 2.5A&B). The results 
support the hypothesis that sinigrin (allyl glucosinolate) acts as a feeding stimulant for 
caterpillars of large cabbage moth. 
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Figure 2.4. (A) Number, (B) area of feeding sites, and (C) weight gained by Crocidolomia 
pavonana neonates after 24 hours of feeding on freshly prepared leaf disks of cotton 
leaves treated with 10µmol/ml solvent of sinigrin (allyl glucosinolate) and 10 or 1µmol/ml 
solvent of allyl isothiocyanate. Crocidolomia pavonana were stimulated to feed on a non-
host cotton leaves when treated with sinigrin (allyl glucosinolate) and allyl isothiocyanate 
as indicated by significant number of feeding sites (Kruskall Wallis: H=49.16, d.f.=113, 
P=<0.0001) and area of feeding sites (Kruskall Wallis: H=54.27, d.f.=113, P=<0.0001). N = 
20. Larval weight was highest for neonates presented with cabbage leaves; weight gain of 
neonates presented with cotton leaves treated with sinigrin (allyl glucosinolate) differed 
significantly with the weight gain of neonates fed with cotton leaves that had water only 
(Kruskal-Wallis: H=54.78, d.f.=97, P=0.0001). N=15. Medians and error bars are 
presented and boxplots of the same letter are not significantly different from each other. 
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Figure 2.5. Effect of sinigrin (allyl glucosinolate) concentrations on survival and growth of 
Crocidolomia pavonana. (A) Mortality of Crocidolomia pavonana feeding on diet without 
cabbage added but with different concentrations of sinigrin, against controls and (B) 
Weight gained after 24 hours. The concentrations significantly affected the mortality and 
weight gained by C. pavonana (ANOVA: P = 0.046, Kruskall-Wallis: P = 0.001 
respectively). Means/medians are presented with standard errors. Different letters indicate 
significant differences between bars in the same data sets. 
 
 
2.3.4. Response of Crocidolomia pavonana neonates to sinigrin and allyl isothiocyanate 
 
When presented with a choice between odour from a damaged and an undamaged 
cabbage plant, more than 88% of the neonates positively orientated to the odour from 
damaged plants (X2(1, N=34)=19.88; P=0.001) (Figure 2.6). On the other hand, the 
sinigrin and allyl isothiocyanate (either high or low concentration: 10 and 1µmol 
respectively) presented on filter paper disks, compared against each other or blank filter-
paper controls, did not cause any significant positive orientation by larvae (sinigrin 
(10µmol) vs allyl isothiocyanate (10µmol):  (X2(1, N=33)=0.030; P=0.861); sinigrin 
(10µmol) vs control: (X2(1, N=45)=0.2; P=0.654; allyl isothiocyanate (10µmol) vs control: 
(X2(1, N=33)=0.272; P=0.601); allyl isothiocyanate (1µmol) vs control: (X2(1, N=32)=0.5; 
P=0.479). But, when an undamaged cabbage plant was in the presence of a treated filter 
paper disk (10µmol), the larvae oriented positively to the odour from the allyl 
isothiocyanate-containing chamber plus cabbage plant in preference to a water-
impregnated filter paper plus cabbage plant: significantly more (78%) showed positive 
Diet with 
cabbage
0 1 3.2
0
20
40
60
80
100
Sinigrin concentrations (µmol/g diet)
M
or
ta
lit
y
a
b
a a
A B
Diet with 
cabbage
0 1 3.2
-0.05
0.00
0.05
0.10
Sinigrin concentrations (µmol/g diet)
W
ei
gh
t g
ai
n 
(m
g)
ab
a
b
b
 28 
orientation to odour of allyl isothiocyanate on filter paper plus an undamaged cabbage 
plant when compared with control (distilled water) (X2(1, N=45) = 13.88; P = 0.0001). 
Interestingly, significantly more (95%) of the larvae oriented positively to allyl 
isothiocyanate than to sinigrin when there was a choice between the two presented on 
filter paper in the chamber, each with an undamaged cabbage plant (X2(1, N=40) = 32.4; P 
= 0.001).  The results indicate that the odour of the glucosinolate hydrolysis product, allyl 
isothiocyanate, when coupled with cabbage odour, results in a strong positive orientation. 
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Figure 2.6. Responses of C. pavonana neonates to undamaged and damaged 8-leaf 
stage cabbage plant, Brassica oleracea cv sugarloaf, 10 µmol allyl glucosinolate 
(sinigrin)/ml solvent and 10 µmol allyl isothiocyanate/ml solvent, and the glucosinolate 
hydrolysate products in combination with undamaged cabbage plants. Damaged plants 
significantly elicit strong attraction by the neonates (X2(1, N=37) = 19.88, P=0.0001). No 
positive response by the neonates was observed for sinigrin or for the low or higher 
concentration of allyl isothiocyanate. The presence of undamaged cabbage plants yielded 
a significant positive response towards the odour from allyl isothiocyanate compared with 
sinigrin (X2(1, N=40)=32.40, P=0.0001) or the control (distilled water) (X2(1, N=46) = 
13.88, P=0.0001). All responses were measured using a two arm Y-tube olfactometer and 
each neonate was recorded as attracted to the odour source associated with that arm 
when it moved more than half way (4.5 cm) into one of the arms and remained there for 
more than 20 seconds. Neonates that did not made a choice within 20 minutes were 
considered non-responders. Asterisks indicate significant difference between treatments 
tested. 
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2.4. Discussion  
 
The large cabbage moth, C. pavonana is attracted to diet with cabbage leaf powder. Using 
the modified diet developed here, the caterpillars showed 87% survival and 81% emerged 
as adults. Survival and adult emergence of C. pavonana is comparable when reared with 
fresh cabbage leaves (Kurihara et al., 1987). It is therefore a suitable diet for use for 
laboratory rearing and in experiments where whole plants introduce factors that cannot be 
controlled adequately. On diet without cabbage, only about 2% of neonates survived until 
the fourth instar. Diet mixed with other leaf material instead of cabbage resulted in worse 
survival, with non-progressing past the first instar. This result highlights the specialist 
feeding habit of C. pavonana. 
 
The preference by C. pavonana for artificial diet with cabbage is comparable to that of the 
crucifer specialist, P. rapae that fed more when cabbage leaf powder was added to diet 
and performed better in terms of survival and completion of development stages (Kono, 
1968). In the absence of cabbage leaf powder, like C. pavonana, it is also unable to 
complete development. For P. rapae, neonates developed until pupation but failed to 
emerge into adults, whereas C. pavonana neonates did not complete larval development. 
This means that C. pavonana could be more sensitive to the absence of cabbage in the 
diet. Aligning with findings on oviposition and survival of C. pavonana by Rejesus et al. 
(2003) and Karungi et al., (2010), the new data corroborates cabbage as a very important 
component in the diet of C. pavonana to support the development and survival of this 
crucifer specialist. 
 
The strong attraction of neonates to diet containing cabbage led to the postulate that 
cabbage acts as an attractant or stimulant for feeding. Assays conducted using the diet 
with and without cabbage showed significantly greater orientation towards diet with 
cabbage (96%) than diet without cabbage (4%). When a dual-choice experiment was 
conducted using a two-arm Y-tube olfactometer and odour coming from diet with cabbage, 
there was a stronger positive response of the neonates (70%) to the odour coming from 
the diet with cabbage powder compared to diet without cabbage (25%). This result 
confirmed that the cabbage component was acting as an orientation cue. Weight gained 
on the diet with cabbage was higher which suggested that feeding might also have been 
stimulated. When neonates were offered filter paper disks impregnated with diet with 
cabbage, more feeding marks were recorded than on paper disks impregnated with diet 
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without cabbage (43 vs 18). So it can be concluded that the cabbage was acting as a 
feeding stimulant. However, when the weight gain of neonates that fed on diet added with 
cabbage powder (Figure 2.2) was compared with the neonates that fed on cabbage leaf 
alone (Figure 2.4), cabbage powder did not appear to be as successful a food source as 
fresh cabbage leaves. This result may have led to the variability in weight gained by larvae 
in other treatment categories. But cabbage leaf as a food source also resulted in variability 
in weight gained by larvae. This outcome points towards a level of inherent behavioural 
variability, possibly related to laboratory versus field conditions (e.g. differences in 
environmental cues) that would have been present in all laboratory treatments.  
Behavioural responses of phytophagous insects towards host plants can often be 
attributed to the secondary plant chemistry present (Renwick, 1989; Bernays, 1998). The 
chemical cues encountered can encourage movement towards and probing of a potential 
host (Miller and Strickler, 1984). For many crucifer specialists, the plant secondary 
metabolites functions as phagostimulants, deterrents or a signal to find a suitable plant 
host (Bennett and Wallsgrove, 1994; van Loon et al., 2002; Bruce, 2014). 
 
Brassica plants such as cabbages contain glucosinolates, a sulphur-containing plant 
secondary metabolite stored in separate cells that when plant tissues are disrupted, 
release the myrosinase enzyme which hydrolyses the glucosinolates and releases several 
toxic products such as isothiocyanates, nitriles and oxazolidinethiones (Hopkins et al., 
2009). Several studies have demonstrated that glucosinolates and their hydrolysis 
products have been implicated in different behavioural activities of herbivore specialists 
toward their hosts, including recognition of a suitable host plant, active feeding and 
oviposition (Thorsteinson, 1953, Siemens & Mitchell-Olds, 1996; van Loon et al., 2002; 
Renwick, 2006; Li et al., 2000; Mϋller et al., 2010). Damaged plants can be protected by 
release of volatile compounds from toxic metabolites which can operate as defense 
against non-specialists (Karban & Myers, 1989; Agrawal, 1998), However, volatile 
compounds emitted can make the damaged plant more attractive or acceptable for 
herbivory by specialists, and also affect orientation to undamaged plants nearby (Karban & 
Myers, 1989; Dicke, 2000). When undamaged and damaged plants were compared using 
an olfactometer in the current study, a significant preference was demonstrated by 
caterpillars of C. pavonana for the damaged plant. Similarly, adult females prefer to lay 
egg masses on damaged plants of B. oleracea (Ale et al., 2011).  The crucifer specialist P. 
xylostella also prefers damaged common cabbage plants for oviposition (Silva & Furlong, 
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2012). Such plants offer identifying chemical cues for crucifer specialists during herbivory 
(Deither, 1982; Dicke, 2000), perceived by insects at short distances (Thorsteinson, 1953). 
During herbivory, volatile isothiocyanates are released from crucifers (Hopkins et al., 2009) 
and these are considered to be highly stimulatory and attractive for some crucifer 
specialists (Pivnick et al., 1994, Renwick, 2006). The response of C. pavonana neonates 
was therefore assessed to the allyl isothiocyanate and compared to its precursor the allyl 
glucosinolate (sinigrin). Neonates did not show any significant positive orientation to these 
compounds when presented on their own. In the presence of an undamaged cabbage 
plant however, there was orientation to the allyl isothiocyanate cabbage plant combination 
in preference to a cabbage plant and blank filter paper. Interestingly, significantly more 
(95%) larvae positively orientated to an allyl isothiocyanate undamaged cabbage plant 
combination when compared to undamaged cabbage plant plus sinigrin. There must be a 
component or components of cabbage plants yet to be identified necessary for orientation 
in addition to allyl isothiocyanate, that catalyze the response to the hydrolysate. 
 
In the feeding stimulation assay using a non-host plant Gossypium hirsutum (Sicot 
71RRF), leaf disks treated with 10µmol sinigrin and allyl isothiocyanate/g diet elicited 
feeding by C. pavonana neonates, as evidenced by a significant number and area of 
feeding sites. The allyl isothiocyanate, which is toxic to P. xylostella, was comparable with 
cabbage leaves (control) and cotton leaves treated with sinigrin. Neonates that fed on 
these leaf disks gained weight. The behaviour of C. pavonana neonates to feed on cotton 
leaves treated with allyl isothiocyanate could be related to olfactory chemoreception. 
Neonates were found to have a strong positive response towards allyl isothiocyanate 
when tested using an olfactometer. The result suggests a common suite of plant odours 
when considered alongside the positive olfactory response to undamaged cabbage plants 
plus allyl isothiocyanate. 
 
Sinigrin provided a strong stimulus for feeding for C. pavonana. Diet without cabbage was 
made palatable by the addition of 1 or 3.2 µmol sinigrin, compared to diet containing 
cabbage powder. Neonates that fed on these diets had lower mortality and gained greater 
weight than in the absence of cabbage or sinigrin. The effectiveness of sinigrin in diet did 
not appear to be substantially the same as in fresh cabbage leaf. The amount of sinigrin in 
cabbage leaves was estimated to be 0.01 mg/g of fresh weight (Ale, unpublished data). 
Diet containing 1 µmol of sinigrin is equivalent to 0.387 mg of sinigrin per gram diet. Future 
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research should investigate smaller concentrations of sinigrin than 1 µmol to determine the 
minimum concentration that will elicit a response.  
 
To recapitulate, diet with cabbage powder provides a suitable food for larval survival and 
development of C. pavonana. The presence of cabbage in artificial diet simulates fresh 
cabbage leaves (Thorsteinson, 1953). Neonates’ strong attraction to diet with cabbage 
appears to be mediated by glucosinolates and/or glucosinolate hydrolysis products. 
Sinigrin is a potent feeding stimulant for C. pavonana while allyl isothiocyanate is used in 
host recognition/orientation. Allyl isothiocyanate is toxic to general herbivores (Bruce, 
2014) and even the crucifer specialist, P. xylostella (diamondback moth caterpillar) (Li et 
al., 2000), so the effect of this chemical on C. pavonana growth and survival is further 
investigated in Chapter 4, using the diet developed in this chapter along with a range of 
hydrolysate concentrations.  
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Chapter 3. Leaf acceptability by Crocidolomia pavonana (F.) (Lepidoptera: 
Crambidae) compared with Plutella xylostella (L.) (Lepidoptera: Plutellidae) for 
oviposition and feeding: The effects of plant age, leaf age, leaf wax and leaf 
toughness 
 
Abstract 
 
The patterns of oviposition and feeding site distribution were investigated on Brassica 
oleracea cv. sugarloaf cabbage for Crocidolomia pavonana (F.) (Lepidoptera: Crambidae) 
and compared with data obtained for Plutella xylostella (L.) (Lepidoptera: Plutellidae); both 
species feed and complete development on crucifers. Similar egg distribution occurred 
across all expanded leaves for C. pavonana females ovipositing on 6-leaf stage plants, 
and 8-leaf stage plants. The egg distribution for P. xylostella showed a significant 
difference for expanded leaves only at the 8-leaf stage, with more eggs on leaf 2 than on 
leaf 7. Feeding distribution of neonates showed a pattern that differed from egg 
distribution. Neonates of both species that hatched from eggs moved up within the plants 
with more feeding sites found on the upper leaves. Factors possibly accounting for 
neonate feeding patterns were investigated. Plant age was important in this pattern, based 
on the two plant ages investigated (6-leaf and 8-leaf stages). Intra-plant distribution of 
feeding sites indicated that choice might be a response to factors specific to leaves of 
different ages. Leaf age was found to be a significant factor affecting feeding choice for 
both crucifer specialists with the oldest leaf (first to emerge: leaf 1) rejected and the 
youngest leaf (last to emerge) preferred to a greater extent, when tested excised from the 
plant, in Petri dish assays. Older leaves showed no signs of senescence such as yellowing 
or abscission. Sinigrin concentration, inferred from a separate study using similar 6-leaf 
plants, did not explain the difference in feeding preference on individual leaves. The 
significant increase in concentration of total aliphatic (glucoiberin, progoitrin, sinigrin, 
glucoraphanin, gluconapin) as well as total indole (4OH-GB - 4-hydroxyglucobrassicin, 
glucobrassicin, neoglucobrassicin) glucosinolates with reduced leaf age in similar 
undamaged cabbage plants though, did correspond in general with feeding patterns. 
Changes in leaf surface wax and leaf toughness with leaf age were explored as factors in 
leaf choice. For leaf waxes, feeding responses were assessed for excised leaves for C. 
pavonana and P. xylostella. Images of surfaces for leaves 1, 5 and 8 were obtained using 
scanning electron microscopy, and showed differences in wax structure. In dual-choice 
assays the waxes present on different leaves were found to be a significant factor in 
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feeding preference by C. pavonana, determined by testing leaves with wax in situ and with 
wax removed from leaf 8 of an 8-leaf stage plant. Leaf waxes from either old or young 
leaves elicited a feeding response when presented in artificial diet, but the response did 
not differ from one leaf age to another. Leaf toughness, measured from intact plants, was 
not a significant factor in feeding choice. Older leaves are known to contain less protein 
and more fibre than younger leaves. The conclusion drawn from the current study is that, 
whereas leaf waxes appear to be phagostimulatory for C. pavonana, low fibre and high 
protein content remain the most likely factors explaining leaf choice. While they may act as 
a cue, glucosinolates as plant defence attributes are less likely to be positive factors in leaf 
choice at least for P. xylostella neonates. The nutritional contribution that glucosinolates 
might offer C. pavonana neonates and the toxicity of hydrolysis products for this species 
are not yet known. 
 
 
3.1. Introduction 
 
The ability of an insect to exploit certain plant tissue suitable for feeding, survival and 
development is influenced by intrinsic factors such as plant architecture, leaf hairs and 
trichomes, leaf waxes, leaf toughness and hardness, nutritional compounds and chemical 
defenses (Zalucki et al., 2002; Awmack and Leather 2002; Coley et al., 2006; Perkins et 
al., 2010; Cribb et al., 2010; Johnson & Zalucki, 2005; Moreira et al., 2016). These plant 
traits change over seasons and during plant development, affecting oviposition and 
feeding choices of insect herbivores (Teixeira et al., 2013, Campos et al., 2016). In 
general, insect herbivores move and feed upon certain plant parts where survival and 
development is maximised (Zalucki et al., 2002). Younger leaves have been considered to 
have the highest concentration of nutritional value such as nitrogen and proteins whereas 
older leaves are fibrous and have very low nutritional value (Mattson, 1980; Moreira et al., 
2016). Free amino acids are important sources of invertebrate herbivore nitrogen in such 
tissues, circumventing proteinase inhibitors (Cockfield, 1988). 
 
The crucifer specialist, Plutella xylostella (L.) can discriminate between lower and upper 
leaves of Brassica plants, choosing lower leaves for oviposition and upper younger leaves 
for feeding (Silva and Furlong, 2012). The discrimination appears to be based on leaf 
identity rather than position:  when leaves of 7-leaf stage cabbage plants were re-arranged 
in different positions, P. xyllostella still mined younger leaves (i.e. original leaf 6) and 
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avoided older leaves (i.e. original leaf 1) regardless of where they were positioned (Ang et 
al., 2014). Leaf choice by P. xylostella neonates can be attributed to different factors such 
as nutritional quality (Campos et al., 2003; Teixeira et al., 2013; Moreira et al., 2015), plant 
compounds (Nikoeei et al., 2015) and morphological traits, such as leaf wax (Eigenbrode 
et al., 1990; Eigenbrode et al., 1991). 
 
The large cabbage moth, Crocidolomia pavonana (F.) (Lepidoptera: Crambidae), is 
another significant pest specialising on Brassica crops (Morallo-Rejesus and Navasero-
Ward, 2003; Chapter 1.2). Female moths discriminate between phenological stages of 
cabbage plants with younger plants preferred over older plants in the presence of other 
crops (Smyth et al., 2003a). That preference is correlated with younger plants as more 
suitable for larval survival and development (Smyth et al., 2003b). Within a plant, C. 
pavonana neonates move towards the upper portion of the plant and feed upon the bud; a 
feeding strategy that would allow them to feed while reducing exposure to natural enemies 
(Takeuchi et al., 2009), and provide access to higher protein concentrations and lower 
fibre present in younger cabbage leaves (Moreira et al., 2016). 
 
The basis for plant and leaf discrimination by P. xylostella is better understood, at least for 
second instar larvae (Moreira at al., 2016) than for C. pavonana. Choices made by 
neonates need further exploration for both species. Some glucosinolates, and their 
hydrolysis products, are important for orientation and as feeding stimulants for C. 
pavonana (Chapter 2). Could these be part of the ‘leaf identity’ found to be important by 
Ang et al. (2014) and Takeuchi et al. (2009)? There are significant differences in 
concentration between plant parts for undamaged cabbage plants (Brassica oleracea cv. 
Sugarloaf), assessed at the 6-leaf stage: older leaves and the stem have lower 
concentrations than younger leaves (Barry Ale, unpublished study, Figure 3.1). Sinigrin, 
one of the components measured, is a potent feeding stimulant (Chapter 2) so 
consideration of its concentration alone is worthwhile. Interestingly, this did not differ 
significantly between plant parts (unpublished study, Barry Ale; data analysed for the 
current study: Kruskal-Wallis test: H = 4.01; df = 6; P = 0.675 adjusted for ties), and neither 
did myrosinase activity on sinigrin, which produces the behaviourally relevant allyl 
isothiocyanate (see Chapter 2) (unpublished study, Barry Ale; data analysed for the 
current study: Kruskal-Wallis test: H = 1.13; df = 6; P = 0.98 adjusted for ties). Such lack of 
difference suggests that sinigrin and allyl isothiocyanate will not be factors involved in 
discriminating leaf identity, although other glucosinolates or their overall profile could play 
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a role. They increase in concentration with decreasing leaf age, with indole glucosinolates 
equally high in the youngest 3 leaves, and aliphatic glucosinolates rising with reduced leaf 
age (Figure 3.1).  But other plant physiological factors also need consideration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Concentration of total aliphatic (glucoiberin, progoitrin, sinigrin, glucoraphanin, 
gluconapin) and total indole (4OH-GB - 4-hydroxyglucobrassicin, glucobrassicin, 
neoglucobrassicin) glucosinolates in undamaged cabbage plants (Brassica oleracea cv. 
Sugarloaf) assessed as mg/100g fresh weight for 6 plants at the 6-leaf stage (7th leaf – 
upper unexpanded leaf and the first leaf is older and lower), for the stem and leaf 1 to 6 
[unpublished data: B. Ale]. Columns within a set that do not share a letter are significantly 
different (ANOVA: F=3.36, d.f.=6, P=0.012 for total aliphatic; F=5.58, d.f.=6, P=0.001 for 
total indole). 
 
 
Other leaf characteristics that may be involved in shaping distribution patterns and that 
have not been investigated for C. pavonana are leaf wax and leaf toughness. The leaf 
surface waxes are the first point of contact for phytophagous insects tasting a leaf, and 
important for accepting or rejecting a host plant or certain plant part (Chapman and 
Bernays, 1989; Eigenbrode and Espelie, 1995). A difference in waxes between abaxial 
and adaxial surfaces was found to correlate with acceptance for first instars of H. 
armigera: they moved to the naturally-occurring lower side of pea leaves even when 
presented in an (abnormal) upwards orientation; a behavioural difference extinguished 
when waxes were stripped from leaves (Cribb et al., 2010). For P. xylostella, larvae feed 
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more on cabbage plants with normal wax bloom than on glossy (reduced-wax) cabbage 
plants (Eigenbrode et al., 1991b; Eigenbrode et al., 1990), suggesting a possible 
phagostimulatory role. Leaf toughness is a hurdle that needs to be overcome by 
lepidopteran larval neonates (Zalucki et al., 2002). The ‘hard’ parts in the leaf are often 
disregarded as a food resource and generalist larvae move to softer tissues of the plant 
(Perkins et al., 2010). While movement of lepidopteran larvae and choice of positioning 
within plants may be influenced by non-plant factors such as orientation to overhead light 
(Perkins, et al., 2008) and plant micro-environment such as light and angle (Cribb et al., 
2010), these can be excluded as factors by working with plant tissue separated from the 
plant and placed in a horizontal plane. 
 
The current study addresses oviposition and feeding choices on cabbage plants by the 
less-well investigated C. pavonana and compares outcomes with those obtained under the 
same conditions for P. xylostella. In addition to utilizing the unpublished data on 
glucosinolate distribution already presented (which was obtained using the same research 
laboratory as the current study), plant age, leaf age (older or younger), and leaf toughness 
were considered as factors possibly affecting distribution. Specifically, the following 
questions were addressed: Are oviposition preference of both C. pavonana and P. 
xylostella females similar in respect to position within a plant? Are feeding preferences of 
neonate larvae similar within the plant architecture? Are choices influenced by plant age, 
with less discrimination demonstrated between young and old leaves for younger aged 
plants? Does leaf surface wax or leaf toughness vary across the plant and reflect larval 
feeding distribution? In summary, combined with known nutritional and plant defence 
chemistry, what effect do waxes and plant toughness have on within-plant choices in 
particular for C. pavonana? 
 
 
3.2. Materials and Methods 
 
3.2.1. Host Plant 
 
The common cabbage, Brassica oleracea cv. sugarloaf was used to maintain cultures of 
C. pavonana and P. xylostella for experimentation because of its suitability for larval 
development of C. pavonana (Ale et al., 2011) and P. xylostella (Silva and Furlong, 2012; 
Ang et al., 2014). Seedlings were raised in a controlled temperature room (27 ±2ºC) by 
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sowing two seeds per compartment of a seedling tray (Poehlman’s nursery; Gatton, 
Queensland, Australia) with 50:50 soil (Osmocote seed raising mixture; Scotts Australia) 
and vermiculite (Australian Perlite Pty Limited). At 2-3 days after germination seedlings 
were transferred to a well-ventilated glasshouse and were grown under a photoperiod of 
12L:12D and temperature conditions of 26±2°C. Seedlings were transplanted individually 
at 10-14 days after germination, into 1.0 litre pots (125mm; SL Taglok) using organic 
potting mix (Eco Start; Rocky Point Mulching Australia) with 3-4 g of slow-release NPK 
fertilizer (Osmocote NPK ratio, 16:3.5:10). The experiments were conducted during 
summer in Brisbane, Australia so plants were watered twice daily to avoid desiccation. 
Plants with two different leaf age profiles, 6 and 8-leaf stage (15 and 22 days after 
transplantation, respectively), were selected for use.  
 
3.2.2. Insects 
 
The insects used for this study were obtained from existing cultures at the School of 
Biological Sciences at the University of Queensland. Insects were reared in a 45 x 45 x 45 
cm plastic framed insect cage (EM4030; Australian Entomological Supplies Pty., Ltd.) 
inside a controlled temperature room (±23ºC). For adult moths of C. pavonana and P. 
xylostella, the culture was maintained by placing two potted plants of B. oleracea (2-3 
weeks after transplanting) inside the cage for oviposition. Adult moths were supplied with 
food in the form of a dental wick soaked in 10% honey solution. When adult moths were 
plenty, both crucifer specialists were fed honey solution poured into folded tissue paper 
placed on top of the lid of a plastic box (13.5 x 18.7 cm; Tri-State Plastics, Dixon) to 
ensure sufficient nutrition. Plants with eggs or egg masses were transferred to another 
cage and allowed to hatch. When larvae developed into second instars (3-5 days), leaves 
containing larvae were cut and placed into ventilated plastic boxes lined with dry tissue 
paper at the bottom of the box (22 x 18 x 9 cm; Tellfresh, Décor). Developing larvae of P. 
xylostella and C. pavonana were reared with fresh excised B. oleracea cv. sugarloaf 
leaves (3-4 weeks old after transplanting) from the stock of cultivated plants in the 
glasshouse, replenished daily and with old leaves removed, until the insects pupated. For 
C. pavonana, once the larvae reached the fourth instar, all of them were transferred into 
separate clean ventilated boxes (22 x 18 x 9 cm; Tellfresh, Décor) half-filled with 
vermiculite as the pupation substrate.  
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3.2.3. Effect of plant age on egg mass and feeding site distribution by Crocidolomia 
pavonana 
 
The effect of plant age on egg and feeding site distribution by C. pavonana was 
investigated using plants at 6 and 8-leaf stage (i.e. 6-leaf stage, leaf 6 fully expanded but 
leaf 7 not expanded; 8-leaf stage leaf 8 fully expanded but leaf 9 not expanded). Leaves 
within the plants were numbered sequentially from bottom to top (i.e. the oldest leaf was 
numbered leaf 1). Host plants were positioned individually in the middle of clean 45 x 45 x 
45 cm plastic framed insect cages (EM4030; Australian Entomological Supplies Pty., Ltd.) 
and kept under ambient temperature and light conditions. Petri dishes (3 cm diameter) 
containing 10 mated female moths (females are gravid) were placed inside each cage. 
Moths were released by carefully removing the lid of the Petri dish. Each plant was 
exposed to the mated female moths for 4 days to ensure that sufficient egg masses were 
laid. Moths were provided with 20% honey solution (w/v) through a saturated dental wick 
in each cage. After 3 days, plants (N=13 for each plant age) were removed from cages 
and the number of egg masses on each leaf and stem, were counted and recorded. The 
size of egg masses laid was determined by counting the number of eggs per egg mass.  
 
To assess neonate feeding sites, egg masses were attached to leaves of plants (N=12 per 
plant age) in an identical pattern to that observed for oviposition, and egg white (applied 
using a small paint brush (no.1) as adhesive. Feeding sites were counted 24 hours after 
the eggs hatched and the feeding area was measured using the Dino-Lite digital 
microscope with associated software (DinoCapture 2.0).  
 
3.2.4. Effect of plant age on egg and neonate mining site distribution by Plutella xylostella 
 
Plants used in this experiment were grown in the glasshouse and were used for 
experimentation either at a 6-leaf stage or an 8-leaf stage. For each plant age, 12 
replications were prepared where each plant was considered as one replicate. Leaves 
within the plant of each plant age were numbered chronologically starting from the bottom 
towards the apical meristem, with leaf 1 as the oldest. To determine egg distribution, single 
plants were placed inside a 45 x 45 x 45 cm plastic framed insect cage (EM4030; 
Australian Entomological Supplies Pty., Ltd.) and held at ambient temperature and light 
conditions. Three mated female moths (3-5 days old), obtained from the stock of culture in 
the laboratory and were introduced into each cage using an insect ‘pooter’. A dental wick 
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soaked in 20% honey solution (w/v) was also placed in each cage. Plants were exposed to 
female moths for 24 hours. Plants were then removed from cages and the eggs laid on 
different plant parts (leaves, cotyledons and stem) were counted with the aid of a Dino-Lite 
digital microscope. Plants were then placed on plastic trays, 4 per tray, in separate clean 
cages inside a controlled temperature room (±23ºC) under a regime of half white and half 
grow lights (Grolux T8, 36W; Sylvania) set to 12L:12D. Plants kept under these conditions 
did not show any signs of light deficiency (leaf yellowing). Plants were watered daily to 
avoid desiccation. Eggs took about 72 hours to hatch. The distribution of neonate mining 
sites was determined 24 hours after hatching, by counting the total number of mines as 
active and inactive sites with the aid of a Dino-Lite digital microscope. The length of mines 
was measured using this microscope with associated software (DinoCapture2.0). 
 
3.2.5. Excised leaf experiment for the effect of leaf age on feeding by C. pavonana and P. 
xylostella 
 
To further investigate the effect of leaf age on feeding by C. pavonana and P. xylostella 
neonates, leaves from older leaf (leaf 1) and younger leaves (5 and 8) were excised from 
the whole plant. Leaf 5 and 8 for P. xylostella and C. pavonana, respectively was used as 
representative of younger leaves because these leaves are preferred by neonates as 
indicated by the number and area/length of feeding sites (see Figure 3.6D & 3.11C, results 
section 3.3). Leaf disks (30 mm in diameter) were cut from older and younger leaves and 
embedded individually on a 1.5% (w/v) agar mixture placed on 30 cm diameter plastic 
Petri dishes. Leaf disks were presented to individual neonates in a no-choice assay. For P. 
xylostella, eggs were collected using a parafilm sheet (Parafilm M®, Bemis Company Inc.) 
placed over a 100ml Erlenmeyer flask with one cabbage leaf inserted to attract moths 
(Figure 3.3), whereas C. pavonana egg masses about to hatch (black in colour) were 
collected from cabbage plants exposed to moths in rearing cages and placed in Petri 
dishes. Parafilm with P. xylostella eggs and C. pavonana egg masses were placed in Petri 
dishes for hatching, and the neonates were used for the experiment. The number of 
replicates for the C. pavonana experiment was 30 for leaf 1, whereas 29 for leaf 8. For P. 
xylostella, N=12 per leaf age. Data gathering commenced at 24 hours and the number of 
neonates feeding on each leaf disk, number and area of feeding sites and more weight 
were recorded.    
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3.2.6. Dual-choice assay for leaf disk with wax intact and with wax removed 
 
Leaf disks (30mm diameter) were cut from leaf 1, 5 and 8 of an 8-leaf stage B. oleracea 
cv. sugarloaf cabbage plant where wax had either been removed or had not been 
interfered with. Leaf surface wax was removed using sheets of 35 µm thick cellulose 
acetate following Cribb et al. (2010) (Figure 3.2). The cellulose acetate was moistened 
with acetone, applied to the leaf of the cabbage plant, allowed to harden and gently 
removed after 20-30 seconds. Leaf wax was removed from both the adaxial and abaxial 
surface of the leaves. The leaf disks with and without leaf surface wax were then 
embedded in the surface of 1.5% (w/v) agar with a 10 mm distance between leaf discs in a 
30 cm diameter Petri dishes. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Scanning electron micrographs of adaxial surface of B. oleracea cv. sugarloaf 
leaves with wax in situ (a) and with wax removed (b), following the removal method used 
in Cribb et al. (2010). Leaves were plunge-frozen in liquid nitrogen and freeze-dried prior 
to imaging. 
 
 
The dual choice component of the experiment was achieved by using pairs of leaf 1 
(N=30) and 8 (N=30) for C. pavonana and pairs of leaf 1 (N=23) and 5 (N=30) for P. 
xylostella in a single Petri dish. A single neonate of P. xylostella and C. pavonana was 
placed in between leaf disks and allowed to choose a leaf and feed for 24 hours. The 
neonates used in the experiments had not fed on leaves or diet previously.  
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Data on the number of feeding sites, length/area of the feeding sites on leaf disc where the 
neonates fed, and weight gained by the neonates were collected after 24 hours. The 
length and area of feeding sites were measured using a digital microscope (Dinolite 
AM4013MZT, 10 - 30 x magnification; calibrated to 10 mm working distance). Weight 
gained by the neonates was determined by the difference between initial weight before 
exposure to cut leaf disks, using a scale with 0.0001g sensitivity (XS3DU Mettler Toledo). 
After 24 hours the neonates were removed from the Petri dishes and transferred into a 30 
ml Huhtamaki clear plastic graduated portion cup (Huhtamaki BCP Ltd.) to void their guts. 
P. xylostella neonates were allowed to void their guts for 2 hours and C. pavonana for 4 
hours. The time to void the guts of the two species was based on the result of a 
preliminary experiment. After voiding, neonates were weighed again. Weight gained was 
calculated as Gained weight = Log (Final weight – Initial weight).  The experiment was 
conducted in a controlled temperature room at 23±2 0C and 12:12 L:D. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. An Erlenmeyer flask (100ml) with Parafilm (Parafilm M®, Bemis Company Inc.) 
sheet on top, as an oviposition platform and one cabbage leaf inserted through the sheet, 
set up inside a rearing cage with P. xylostella moths. 
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3.2.7. No–choice test for leaf disk with wax intact and with wax removed 
 
Preference by C. pavonana and P. xylostella neonates was studied by using a no-choice 
leaf disk experiment. Leaf discs were cut following the same method described in the 
choice-test (same leaf number and leaf-stage of the sugarloaf cabbage plant). In this no-
choice experiment, leaf disks with wax and without wax were placed individually in Petri 
dishes (3 cm diameter) with1.5% agar solution. A single neonate larva was placed on the 
leaf disk inside each Petri dish and after 24 hours the number of feeding sites, length or 
area of feeding sites on the leaves, and weight gained, were measured following the same 
procedure as in the choice test. The same controlled temperature room and settings were 
used as above. 
 
3.2.8. Leaf wax profile of cabbage plants imaged using scanning electron microscopy 
(SEM) 
 
To determine if leaf wax profile could be related to feeding behaviour of P. xyllostella and 
C. pavonana, leaf samples were taken from three plants from 8-leaf-stage B. oleracea cv. 
sugarloaf. Leaf samples were cut at a dimension of 3 x 3mm from two regions of each leaf: 
adjacent to the petiole and mid-leaf adjacent to mid-vein. To indicate upper surface, the 
cut leaves were punctured through the cuticle only, with one hole using a pin. After 
excision, leaf samples were plunged into liquid nitrogen and tissues were freeze-dried 
under vacuum for 5 days at -300C, then equilibrated to room temperature under vacuum in 
the freeze-drier for a further day. After removal they were mounted using adhesive carbon-
impregnated tape on aluminium sample mounts, sputter coated with platinum to ~10nm 
and imaged using a field emission scanning electron microscope at 8kV. A total of 45 
samples were analysed for the abaxial surface, with wax in situ and with wax removed (15 
for leaf 1, 15 for leaf 5 and 15 for leaf 8).  
 
3.2.9. Effect of leaf surface wax in artificial diet on feeding by Crocidolomia pavonana 
 
The aim of this experiment was to assess the role of leaf surface wax on the feeding 
behaviour of C. pavonana. Waxes were extracted from the surface of leaf 1 and 8 of 8-leaf 
stage cabbage plants, using acetone. Each leaf was immersed, one at a time, in a 200 ml 
beaker with 150 ml of acetone for 10 seconds and repeated a further 2 times. The acetone 
was then evaporated using a fume hood for 1-2 days, to yield a solid. A total of 112 leaves 
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for leaf 1 and 90 leaves for leaf 8 were extracted, which yielded 24 and 64 mg of wax 
extracts, respectively. The leaf wax was suspended as a powder, in distilled water, then 24 
mg added to a 100 ml diet without cabbage (Chapter 2). Plain diet (without cabbage) was 
also prepared as a control. The amount added is based on the lowest amount of leaf wax 
extracted (leaf 1). The diets were then presented to unfed neonates in a no-choice assay. 
After 24 hours, percent survival and weight gain were recorded. 
 
In a separate experiment to assess feeding stimulation by waxes on C. pavonana a further 
wax extraction was conducted.  Here a total of 73 and 74 leaves were extracted for leaf 1 
and 8, respectively. Approximately 5.5 mg of wax was extracted from leaf 1 and the same 
amount from leaf 8 was added to a 100 ml of diet without cabbage. The amount of leaf 
wax added here is lesser than the previous experiment because the total amount of wax 
extracted for this experiment is also less due to fewer number of leaves extracted. Filter 
paper discs, 30 mm in diameter (Advantec #1) were then soaked in that diet before it 
solidified. The impregnated filter paper disks were then presented to C. pavonana in a no-
choice assay (n=20) with neonates individually placed besides each disk. Control disks 
were impregnated with diet that did not contain cabbage or have any extracted wax added. 
After 24 hours the number of feeding marks made by the neonate larvae was counted, 
using a digital microscope (Dinolite). 
 
3.2.10. Effect of leaf hardness on the leaf choice made by Crocidolomia pavonana 
 
Leaf toughness of leaves 1 to 6 and 1 to 8 of 6 and 8-leaf stage of B. 
oleracea cv. sugarloaf was measured using a Chatillon® AG dial 
tension gauge of 150g capacity. The tension gauge measured the 
grams of force (applied through a probe) to pierce the cuticle. By 
measuring the diameter of the probe, the force in pounds per 
square inch (psi) was calculated and converted into kilopascals 
(following Perkins et al., 2010). The measurement was done on 
the different regions of each leaf as shown in Figure 3.4, where 
lateral veins separate each region. Three 
measurements were taken from each region, 
averaged and converted into kilopascals.  
 
 
	Figure 3.4. A leaf diagram showing the different regions where leaf toughness 
was measured for all leaves of 6-leaf and 
8-leaf stage sugarloaf cabbage plants, 
using the Chatillon® AG 150 dial tension 
gauge. 
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3.2.11. Data analysis 
 
Raw counts for distribution of eggs, distribution of feeding and mining sites, number of 
active mines and inactive mines were converted to proportional data and transformed to 
achieve normality, using the arcsine transformation. Normality was assessed using the 
D’Agostino-Pearson omnibus normality test in Prism (version 7). For normally distributed 
data, means were compared using analysis of variance (ANOVA) and back transformed 
for graph presentation. Data that could not be normalized were tested using the Kruskal-
Wallis test and test outputs of significance were reported for tied values. For presentation, 
medians were graphed, using boxplots. Prism (version 7) was used to perform these 
analyses. To aid visual presentation, graphs were displayed in the unconventional format 
with plant part (controlled variable/factor) displayed on the y-axis and number of eggs laid, 
mines or feeding sites (response variable) on the x-axis. In the experiments comparing the 
number of eggs laid and feeding sites between plant or leaf age, and number/area of 
feeding sites between leaves with or without wax, Mann U Whitney or T-test was used; 
analysis run using Prism 7. 
 
Where leaf disks with wax intact and with wax removed were compared for response, the 
number of neonates feeding and that did not feed were assessed using a Chi-square test 
(Chi-square goodness of fit). Data were presented as percentage. Chi-square tests were 
performed using the R-statistical software (R Core Team 2013. R Foundation for statistical 
Computing, Vienna, Austria. URL http:// www.R-project.org). 
 
 
3.3. Results 
 
3.3.1. Effect of plant and leaf age on oviposition and feeding site distribution by 
Crocidolomia pavonana 
 
Plant age did not significantly affect oviposition preference by the female moths (Mann-
Whitney U test: U=74.5, d.f.=25, P=0.302); the total number of eggs laid by C. pavonana 
on 6 (75.5) and 8 leaf cabbage plants (141) did not differ significantly.  
 
The number of egg masses and total eggs laid were evaluated within each of the two plant 
ages, for differences in distribution. At the 6-and 8-leaf stage, the distribution of egg 
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masses as a proportion of total egg masses, differed significantly within plant parts 
(Kruskal-Wallis test, 6-leaf stage: H=25.1, d.f.=8, P=0.001 adjusted for ties; 8-leaf stage: 
H=40.4, d.f.=10, P=0.001 adjusted for ties) (Figure 3.5A&C). Similarly, the proportion of 
the total number of eggs laid also differed between plant parts (Kruskal-Wallis: 6-leaf 
stage: H=22.6, d.f.=8, P=0.003 adjusted for ties; 8-leaf stage: H=40.4, d.f.=10, P=0.0001 
adjusted for ties). Greater proportion of eggs was laid on the older leaves compared to 
upper younger leaves (Figure 3.5B&D). The leaf 1 is considered the oldest leaf within the 
plant of both ages, however; these leaves are not senescent. Egg masses were 
consistently laid near leaf margins underneath the leaves. 
 
Total (active [site where larvae were still feeding] plus inactive [site where larvae were no 
longer feeding]) feeding sites did not differ between plant ages (t-test: t=0.491, d.f.=22, 
P=0.628). So, plant age did not significantly affect feeding preference. 
 
Total feeding sites were then assessed within plant parts for plants of both ages, and 
differed significantly (Figure 3.6A&C). For 6-leaf stage plants, the unexpanded leaf had the 
greatest number of feeding sites (Kruskal-Wallis test: H=44.97, d.f.=7, P=0.0001 adjusted 
for ties) (Figure 3.6A). Similarly, at the 8-leaf stage, significantly more feeding sites were 
established on upper younger leaves, specifically leaf 8, compared to lower leaves 
(Kruskal-Wallis test: H=43.92, d.f.=9, P=0.0001 adjusted for ties) (Figure 3.6C). Area of 
feeding sites on upper leaves was also greater compared to those on lower leaves for both 
plant ages (Kruskal-Wallis test: 6-leaf stage: H=43.91, d.f.=7, P=0.0001 adjusted for ties; 
8-leaf stage: H=45.29, d.f.=9, P=0.0001 adjusted for ties) (Figure 3.6B&D). There was no 
feeding damage on the oldest leaf (leaf 1, at the base of the plant) on either 6 or 8-leaf 
plants.  
 
The proportion of active feeding sites was compared across leaves. A greater proportion 
of active feedings sites were observed on unexpanded leaf 7 and open leaf 8 compared to 
leaf 1, for 6-leaf and 8-leaf plants respectively (Kruskal-Wallis test: 6-leaf stage: H=48.24, 
d.f.=7, P=0.0001 adjusted for ties; 8-leaf stage: H=43.13, d.f.=9, P=0.0001 adjusted for 
ties) (Figure 3.7A&B).  
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Figure 3.5. Distribution of egg masses laid (assessed at 4 days) by Crocidolomia 
pavonana on Brassica oleracea cv. sugarloaf: (A) medians (±SE) for proportion of the total 
egg masses laid at 6-leaf stage (leaf 6 is the youngest expanded leaf) (Kruskal-Wallis: 
H=25.1, d.f.=8, P=0.001 adjusted for ties), (B) medians (±SE) for total number of eggs laid 
at 6-leaf stage (Kruskal-Wallis: H=22.6, d.f.=8, P=0.003 adjusted for ties), (C) medians for 
proportion of egg masses laid for 8-leaf stage plants (leaf 8 is the youngest expanded leaf) 
(Kruskal-Wallis: H=40.4, d.f.=10, P=0.001 adjusted for ties), (D) medians for total number 
of eggs laid at 8-leaf stage cabbage plants (Kruskal-Wallis: H=40.4, d.f.=10, P=0.0001 
adjusted for ties). The proportion of egg masses and eggs laid per leaf was calculated by 
dividing the total number egg masses or eggs laid on a whole plant. Medians (horizontal 
line within the boxplots), quartiles and variability with outliers are presented graphically. 
Boxplots with the same letter are not significantly different from one another within data 
sets. N =13 for each plant age. On the y-axis, Unex is an abbreviation for unexpanded. 
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Figure 3.6. Distribution of feeding sites by Crocidolomia pavonana on Brassica oleracea 
cv. sugarloaf, assessed at 24 hours post hatching: (A) medians for proportion of number of 
feeding sites for 6-leaf stage plants (leaf 7 has not yet expanded) (Kruskal-Wallis test: 
H=44.97, d.f.=7, P= 0.0001 adjusted for ties), (B) medians for area of feeding sites for 6-
leaf stage (H=43.91, d.f.=7, P=0.0001 adjusted for ties), (C) medians for proportion of 
number of feeding sites for 8-leaf stage plants (leaf 9 has not yet expanded) (H=43.92, 
d.f.=9, P=0.0001 adjusted for ties), (D) medians for area of feeding sites for 8-leaf stage 
plants (H=43.91, d.f.=7, P=0.0001 adjusted for ties). Medians (horizontal line within the 
boxplots), quartiles and variability with outliers are presented graphically. Different letters 
indicate significant differences between boxplots in the same data sets. N=12 for each 
plant age. On the y-axis, Unex is an abbreviation for unexpanded. 
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Figure 3.7. Medians for proportion of active feeding sites by Crocidolomia pavonana on 
Brassica oleracea cv. sugarloaf of different plant ages, with feeding assessed 24 hours 
post hatching: (A) proportion of active feeding sites for 6-leaf stage cabbage plants, (B) 
proportion of active feeding sites for 8-leaf stage cabbage plants. There was a significantly 
greater proportion of feeding sites on younger leaves (unexpanded leaf 7 for 6-leaf stage 
and leaf 8 for the 8-leaf stage) (Kruskal-Wallis test: 6-leaf stage: H=48.24, d.f.=7, 
P=0.0001 adjusted for ties; 8-leaf stage: H=43.13, d.f.=9, P=0.0001 adjusted for ties). 
Medians, quartiles, variability with outliers are presented graphically. Different letters 
indicate significant differences between bars in the same data sets. N=12 for each plant 
age. On the y-axis, Unex is an abbreviation for unexpanded. 
 
 
3.3.2. Effect of plant age on egg and mining site distribution by Plutella xylostella 
 
Plant age significantly affected oviposition preference by female moths of P. xylostella. 
Greater numbers of eggs were laid on younger plants (6-leaf stage) than on older plants 
(8-leaf stage) (t-test: U=3.092, d.f.=22, P=0.005) (Figure 3.8A). 
 
The intra-plant distribution of eggs for both 6 and 8-leaf stage was significantly affected by 
plant parts (Kruskal-Wallis test: 6-leaf stage: H=33.55, d.f.=8, P=0.0001 adjusted for ties; 
8-leaf stage: H = 33.25, d.f.=10, P=0.0002 adjusted for ties) (Figure 3.9A&C). For 6-leaf 
stage, medians of number of eggs laid was greater on the lower portion of the plants 
(cotyledons, the stem below leaf 1, leaf 1 and leaf 2) but did not differ significantly from the 
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number of eggs laid on the upper plant parts, only with the unexpanded leaf 7. At the 8-
leaf stage, a greater number of eggs was laid on leaf 2 compared to leaf 7 and the 
unexpanded leaf 9. Eggs were laid on the stem below leaf 1, on cotyledons, and both 
sides of the leaves for both plant ages.  
 
Similarly, larval feeding was affected by plant age with greater number of feeding sites 
observed on younger plants than on older plants (t-test: t=2.286, d.f.=22, P=0.032) (Figure 
3.8B). 
 
The distributions of mining sites within plants made by neonates at 24 hours after they 
hatched were significantly affected by leaf age for both 6-leaf stage (Kruskal-Wallis test: 
H=77.98, d.f.=7, P=0.0001 adjusted for ties) (Figure 3.9B) and 8-leaf stage (Kruskal-Wallis 
test: H=56.43, d.f.=9, P=0.0001 adjusted for ties) (Figure 3.9D) plants; significantly greater 
numbers of mining sites were established on the upper, younger leaves than the lower 
leaves. Specifically, leaf 1 had a smaller proportion of feeding sites than leaf 6 or leaf 7, for 
6-leaf and 8-leaf stage plants, respectively. Distribution of active and inactive mining sites 
showed the same overall distribution, with a significantly greater proportion of active 
feeding sites on upper leaves at the 6-leaf stage (Kruskal-Wallis test: Active: H=77.71, 
d.f.=7, P=0.0001 adjusted for ties, Inactive: H=65.90, d.f.=9, P= 0.0001 adjusted for ties) 
(Figure 3.10A&B) and 8-leaf stage (Kruskal-Wallis test: Active: H=61.28, d.f.=9, P=0.0001 
adjusted for ties, Inactive: H=44.99, d.f.=9, P=0.0001 adjusted for ties) (Figure 3.10C&D). 
On 6-leaf stage plants the proportion of inactive mines on leaf 6 was greater than the 
proortion of eggs laid there, indicating that larvae likely move to this leaf from elsewhere to 
feed. Lengths of active mines differed significantly between leaves of different ages, and 
were longer on upper leaves for 6-leaf stage (Kruskal-Wallis test: H=52.62, d.f.=7, 
P=0.0001 adjusted for ties) and 8-leaf stage (Kruskal-Wallis test: H=54.46, 8 d.f.=9, 
P=0.0002 adjusted for ties) (Figure 3.11A&C). The length of inactive mines also differ 
significantly between plant parts in both plant ages (Kruskal-Wallis test: 6-leaf stage: 
H=56.03, d.f.=7, P=0.0001; 8-leaf stage: H=44.21, d.f.=9, P=0.0001 adjusted for ties) 
(Figure 3.11B&D) but only as a result of no mining sites on cotyledons and unexpanded 
leaves 7 or 9 (Kruskal-Wallis test: 6-leaf stage: H=8.03, d.f.=6, P=8.03; 8-leaf stage: 
H=10.51, d.f.=7, P=0.161).  
 
Since leaf 1 was found to be less preferred for both 6-leaf and 8-leaf stage plants, the data 
were contrasted between the two plant ages to establish whether younger plants showed 
 52 
a similar or different level of feeding damage on this leaf; for a 6-leaf stage plant leaf 1 
would be younger than for an 8-leaf stage plant. The 6-leaf stage plants had a significantly 
greater proportion of neonate mines on leaf 1 than the 8-leaf stage plants (Mann Whitney 
U test: U=37.5, d.f.=11, P=0.042) (Figure 3.12A); median proportion for leaf 1 mine 
numbers for 6-leaf plants was 0.057, versus no mines recorded on leaf 1 of 8-leaf stage 
plants. That is, younger plants had a leaf 1 that was more acceptable to neonates. 
 
Both active and inactive mine data sets showed significance when tested separately for 6-
leaf plant versus 8-leaf plant for leaf 1 mine proportional data (U=36, d.f.=11, P=0.022 and 
U=38.5, d.f.=11, P=0.049, respectively) (Figure 3.12B&C). However, the median was 
higher for proportion of inactive mines for 6-leaf plants for leaf 1 data, showing there were 
more finished or abandoned mines on leaf 1 than mines in active use (0.085 versus no 
mines recorded on leaf 1 of 8-leaf stage plants). So, younger plant age resulted in more 
feeding activity on leaf 1. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8. Effect of plant age on oviposition and larval feeding of P. xylostella: (A) means 
(±SE) for number of eggs laid on 6 and 8-leaf stage of B. oleracea cv sugarloaf, (B) means 
(±SE) for number of mining sites on 6 and 8-leaf stage of B. oleracea cv sugarloaf. 
Oviposition and larval feeding were significantly affected by plant age with more eggs (T-
test: U=3.092, d.f.=22, P=0.005) and mining sites (T-test: t=2.286, d.f.=22, P=0.032) 
recorded on younger plants than on older plants. Means plus standard errors are 
presented. Letters above data that differ indicate a significant difference within data sets. 
N=12 for each plant age. 
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Figure 3.9. Distribution of eggs laid and subsequent feeding (assessed at 4 days) by P. 
xylostella on Brassica oleracea cv. sugarloaf: (A) medians for proportion of the total eggs 
laid at 6-leaf stage (leaf 6 is the youngest expanded leaf) (Kruskal-Wallis: H=33.55, d.f.=8, 
P=0.0001 adjusted for ties), (B) medians for proportion of the total mining sites for each 
leaf at 6-leaf stage (Kruskal-Wallis: H=77.98, d.f.=7, P=0.0001 adjusted for ties), (C) 
medians for proportion of the total eggs laid at 8-leaf stage plants (leaf 8 is the youngest 
expanded leaf) (Kruskal-Wallis: H = 33.25, d.f.=10, P=0.0002 adjusted for ties), (D) 
medians for proportion of the total mining sites for each leaf at 8-leaf stage cabbage plants 
(Kruskal-Wallis: H=56.43, d.f.=9, P=0.0001 adjusted for ties). The proportion of eggs laid 
per leaf was calculated by dividing the total number of eggs laid on a whole plant. 
Medians, quartiles and variability with outliers are presented graphically. Boxplots with the 
same letter are not significantly different from one another within data sets. N =12 for each 
plant age. On the y-axis, Unex is an abbreviation for unexpanded. 
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Figure 3.10. Distribution of proportion of active and inactive (± SE) of mining sites made 
by P. xylostella (assessed at 4 days) on Brassica oleracea cv. sugarloaf: (A) medians for 
proportion of active mining sites at 6-leaf stage (Kruskal-Wallis test: Active: H=77.71, 
d.f.=7, P=0.0001 adjusted for ties), (B) medians for proportion of inactive mines for 6-leaf 
stage plants (Kruskal-Wallis test: H=65.90, d.f.=9, P=0.0001 adjusted for ties), (C) 
medians for proportion of active mining sites for 8-leaf stage (Kruskal-Wallis test: H=61.28, 
d.f.=9, P=0.0001 adjusted for ties), (D) medians for proportion of inactive mining sites 
(Kruskal-Wallis test: H=44.99, d.f.=9, P=0.0001 adjusted for ties). Medians, quartiles and 
variability with outliers are presented graphically. Boxplots with the same letter are not 
significantly different from one another within data sets. N =12 for each plant age. On the 
y-axis, Unex is an abbreviation for unexpanded. 
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Figure 3.11. Length (mm) of active and inactive of mining sites (±SE) made by P. 
xylostella (assessed at 4 days) on Brassica oleracea cv. sugarloaf: (A) length of active and 
(B) inactive mining sites for 6-leaf stage plants (Kruskal-Wallis test: H=52.62, d.f.=7, 
P=0.0001 adjusted for ties; H=56.03, d.f.=7, P=0.0001 adjusted for ties, respectively), (C) 
length of active and (D) inactive mining sites for 8-leaf stage (Kruskal-Wallis test: H=54.46, 
8 d.f.=9, P=0.0002 adjusted for ties; H=44.21, d.f.=9, P=0.0001 adjusted for ties, 
respectively). Medians, quartiles and variability with outliers are presented graphically. 
Boxplots with the same letter are not significantly different from one another within data 
sets. N =12 for each plant age. On the y-axis, Unex is an abbreviation for unexpanded. 
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Figure 3.12. Assessment of plant age on feeding choice using leaf 1 (bottom-most leaf). 
Medians for mining sites (total active and inactive) made by Plutella xylostella neonate 
larvae for leaf 1 of 6-leaf stage plants and leaf 1 of 8-leaf stage plants of Brassica oleracea 
cv. sugarloaf assessed at 24 hours: (A) medians for proportion of mining sites (Mann 
Whitney U test: U=37.5, d.f.=11, P=0.042), (B) medians for proportion of active mines 
(U=36, d.f.=11, P=0.022), (C) medians for proportion of inactive mines (U=38.5, d.f.=11, 
P=0.049). Medians, quartiles and variability with outliers are presented graphically. Letters 
above box plots that differ indicate a significant difference within data sets. N=12 for each 
plant age.  
 
 
3.3.3. Effect of excised older and younger leaves on larval preference by Crocidolomia 
pavonana and Plutella xylostella 
 
Since data analysis on feeding sites for both caterpillar species demonstrated a difference 
in distribution between older and younger leaves within whole plants of the same age, 
further evaluation was conducted using excised old and younger leaves, specifically leaf 1, 
found at the bottom of the plant, and the upper leaf 5 or 8 to determine if neonates 
respond the same way when leaves were excised from the whole plant. Leaf 5 and 8 was 
used for P. xylostella and C. pavonana respectively, because these leaves were the most 
preferred leaves within a whole plant of a 8-leaf stage plants. Leaf age significantly 
affected larval feeding preference for both crucifer specialists. For C. pavonana, greater 
area of feeding sites were recorded on the younger leaf (leaf 8) than on older leaf (leaf 1) 
(Mann Whitney U test: U=174, d.f.=58, P=0.0001) (Figure 13A). Consequently, larval 
weight was greater for neonates that fed on younger leaves (Mann Whitney U test: U=12, 
d.f.=58, P=0.0001) (Figure 3.13B). Similarly, leaf age (1 or 5) significantly affected the 
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number and length of mines by P. xylostella (T-test: number of mining sites: t=2.587, 
d.f.=22, P=0.016; Mann Whitney U test: length of mining sites: U=11.5, d.f.=15, P=0.043) 
with greater number of mining sites and longer mines recorded on leaf 5 (Figure 3.14A&B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13. Effect of leaf age on feeding behaviour of Crocidolomia pavonana at 24 
hours of feeding on leaf 1 (older leaf) and leaf 8 (younger leaf) using an 8-leaf stage B. 
oleracea cv. sugarloaf: (A) area (mm2) of feeding sites made by C. pavonana on leaf disks 
from leaf 1 and leaf 8 (B) weight gain (g) by C. pavonana at 24 hours. Leaf age 
significantly affected the area of feeding sites and weight gain of C. pavonana using a 
Mann Whitney U test (area of feeding sites: U=174, d.f.=58, P=0.0001; weight gain: U=12, 
d.f.=58, P=0.0001). Boxplots indicate medians (horizontal line) with interquartile range 
(box) and dots as outliers. N=30 for leaf 1, 29 for leaf 8. 
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Figure 3.14. Effect of leaf age on larval preference by Plutella xylostella at 24 hours of 
feeding on leaf 1 (older leaf) and leaf 5 (younger leaf) using an 8-leaf stage B. oleracea cv. 
sugarloaf: (A) number of mining sites made by P. xylostella on leaf disks from leaf 1 and 
leaf 5 (B) length of mining sites by P. xylostella at 24 hours of feeding on leaf 1 and leaf 5. 
Leaf age significantly affected the number and length (mm) of mining sites by P. xylostella 
(T-test: number of mining sites: t=2.587, d.f.=22, P=0.016; Mann Whitney U test: length of 
mining sites: U=11.5, d.f.=15, P=0.043). Means and standard errors are presented for A) 
and medians (horizontal line) and quartiles are presented graphically for B). Letters that 
differ above data are significantly different within data sets. N for number of mining sites: 
12 for leaf 1, 12 for leaf 5; N for length of mining sites: 6 for leaf 1, 10 for leaf 5. Leaf 1 had 
only a sample size of 6, in assessing the length of mines, because only those leaf disks 
with mining sites were considered; other disks had no feeding sites. 
 
 
3.3.4. Dual-choice assay for leaf disk with wax intact and with wax removed for leaves of 
the same age 
 
A dual choice test between old (leaf 1) and young leaf (leaf 5 or 8) with wax present and 
with wax removed was used to evaluate the effect of wax on feeding choice. Leaf 5 and 8 
were used because these leaves were most fed on by P. xylostella and C. pavonana 
respectively, in the experiment using whole plants of the same age. There was a greater 
proportion of neonates that did not fed on the older leaf (leaf 1) compared to the younger 
leaf (leaf 5 or 8), for both crucifer specialists (C. pavonana: X2 (1, N=60)=14.22, 
P=<0.0001); P. xylostella: X2 (1, N=53)=9, P=0.002 (Figure 3.15A&B). Lack of feeding 
damage on leaves (with or without wax) in the Petri dish was interpreted as neonates not 
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making a choice of one leaf over another. Neonates appear to reject the leaf tissue of that 
age (e.g. more rejections for leaf 1) on some basis other than waxes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15. Percentage of (A) Crocidolomia pavonana and (B) Plutella xylostella 
neonates that did not feed at all, when presented with pairs of leaf discs of Brassica 
oleracea cv. sugarloaf, one leaf disc with wax intact and one with wax removed, but of the 
same age: either a pair from leaf 1 or a pair from leaf 8 for C. pavonana and a pair from 
leaf 1 or a pair from leaf 5 for P. xylostella. The proportion of neonates that did not feed 
was significantly greater on older leaves (leaf 1) than on younger leaves (leaf 5 & 8) for 
both species (C. pavonana: X2(1, N=60) =14.22, P=<0.000; P. xylostella: X2(1, 
N=53)=9.30, P=0.002). Count data were converted to percentage for graphical 
presentation. Means and error bars are presented. Letters that differ above data are 
significantly different within data sets. N=60 for C. pavonana (30 for leaf 1 and 30 for leaf 
8); 53 for P. xylostella (23 for leaf 1 and 30 for leaf 5).  
 
 
In the dual-choice assay of C. pavonana aimed at evaluating effect of leaf wax presence 
or absence on same age leaves, for those neonates that fed on any leaf material, the 
removal of wax on leaf 1 did not result in more or fewer feeding events (counts) when 
compared against a leaf of the same age that had its wax layer intact (chi-square test: 
X2(1, N=13)=0.285, P=0.593). Neither number nor area of feeding sites, when compared 
between leaf 1 with wax and leaf 1 without wax, differed significantly when assessed with 
a Mann Whitney U test (number of feeding sites: U=64.5, d.f.=24 P=0.294; area of feeding 
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sites: U=23, d.f.=14, P=0.949). But choice was significantly affected by the presence or 
absence of leaf wax on leaf 8. For this youngest expanded leaf, more neonates fed on leaf 
disks with wax, than on leaf disks without their wax (X2(1, N=29)=4.172, P=0.041) (Figure 
3.16A). Consequently, the number of feeding sites was also greater on leaf 8 with wax 
than on leaf disks with wax removed (Mann Whitney U test: U=234, d.f.=50, P=0.042) 
(Figure 3.16B), but larval weight did not differ significantly between neonates that fed on 
leaf disks with wax and with wax removed (U=53.5, d.f.=26, P=0.119). The area of feeding 
sites on leaf 8 with wax was also greater, but did not differ significantly between leaf disks 
with and without wax (U=61, d.f.=15 P=0.322). For P. xylostella, leaf wax presence or 
absence in a dual-choice assay did not affect feeding choice by neonates (Leaf 1: X2(1, 
N=13)=0.090, P=<0.763; Leaf 5: X2(1, N=29)=0.032, P=0.857), number of mining sites 
(Leaf 1: U=58.50, d.f.=10, P=0.960; Leaf 5: U=388.5, d.f.=56, P=0.601) and length of 
mining sites (Leaf 1: U=10.50, d.f.=9, P=0.458; Leaf 5: U=71, d.f.=28, P=0.087).  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16. Feeding behaviour of Crocidolomia pavonana neonates on paired leaf disks 
(dual-choice assay) with wax removed and with wax in situ, from leaf 8 of an 8-leaf stage 
Brassica oleracea cv. sugarloaf assessed at 24 hours: (A) count data modified for display, 
to percentage of neonates feeding on leaf 8 with wax and with wax removed, (B) number 
of feeding sites on leaf disks with wax and with wax removed. The counts of neonates 
feeding and the number of feeding sites on the leaf 8 disk with wax was significantly 
greater on leaves with wax than without wax (X2(1, N=29)=4.172, P=0.041; Mann Whitney 
U test: U=234, d.f.=50, P=0.042). Means and error bars are presented for A) and medians 
(horizontal line) and quartiles are presented graphically for B). Letters that differ above 
data are significantly different within data sets. N for percentage of neonates feeding on 
leaf 8: 29; N for number of feeding sites: 26. 
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3.3.5. No–choice test for leaf disk with wax intact and with wax removed 
 
In a no-choice assay, C. pavonana neonates were presented with single leaf disks from 
leaf 1 or 8 with wax in situ or with wax removed, whereas P. xylostella neonates were 
presented with single leaf disks from leaf 1 and 5 similarly treated. The number and area 
of feeding sites and weight gained by C. pavonana neonates was not significantly affected 
by removal of leaf wax for either leaf treatment after a Mann Whitney U test (number of 
feeding sites: leaf 1: U=329.5, d.f.=55, P=0.228; leaf 8: t=391.5, d.f.=56, P=0.655; area of 
feeding sites: leaf 1: U=361, d.f.=55, P=0.487, leaf 8: U=359, d.f.=56, P=0.345; weight 
gain: leaf 1: U=395, d.f.=55, P=0.877, Leaf 8: U=348, d.f.=56, P=0.263). For P. xylostella, 
the number of mining sites between leaf disks with wax and with wax removed only 
differed significantly for leaf 1 (Mann Whitney U test: U=41, d.f.=22, P=0.050) (Figure 
3.17). Leaf wax removal did not significantly affect the number and length of mines for leaf 
5, or weight gained.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.17. Effect of leaf wax removal on larval feeding by P. xylostella at 24 hours of 
feeding on leaf disks from leaf 1 of 8-leaf stage B. oleracea cv. Sugarloaf. Leaf disks were 
embedded in the surface of 1.5% (w/v) agar solution in a small plastic Petri dish (10mm 
diameter) and were presented in adaxial position in a no-choice assay. Leaf surface wax 
was removed following Cribb et al. (2010). Newly emerged neonates were individually 
introduced into each Petri dish. The number of mining sites on leaf 1 with wax was 
significantly greater than on leaf disks removed with wax (Mann Whitney U test: U=41, 
d.f.=22, P=0.050). Medians (horizontal line) and quartiles are presented graphically. 
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Letters that differ above data are significantly different within data sets. N=12 for each 
treatment.  
 
 
3.3.6. Leaf wax profile of cabbage plant between old and young leaves imaged using 
scanning electron microscopy (SEM) 
 
The difference in leaf surface wax between leaves with wax in situ and with wax removed 
on the adaxial surface of B. oleracea was investigated using a scanning electron 
microscope. Leaves with wax in situ show a dense layer of wax crystals (Figure 3.19). 
These differ in morphological appearance. The wax crystals on leaf 1 are plate-like with 
irregular shapes and arranged in overlapping layers (Figure 3.18A&B). On leaf 5, the wax 
crystals have thread-like extensions, not present on leaf 1 (Figure 3.18C&D). Shorter 
thread-like wax crystals are visible on leaf 8 (Figure 3.18E&F). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 63 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.18. Representative scanning electron micrographs of adaxial surface of B. 
oleracea cv. Sugarloaf leaves with wax in situ: (a-b) Leaf 1, (c-d) Leaf 5 and (e-f) Leaf 8. 
Bars=10 µm and 1 µm. Wax crystals on leaf 5 have thread-like extensions which are not 
present on leaf 1. Shorter thread-like wax crystals are present on leaf 8. 
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3.3.7. Effect of leaf wax presented in artificial diet on feeding behaviour by Crocidolomia 
pavonana 
 
The removal of leaf surface wax appeared to influence the feeding behaviour for C. 
pavonana, but not P. xylostella. So, the effect of leaf wax was further investigated for C. 
pavonana by extracting the leaf surface wax and adding it to artificial diet (without 
cabbage). Artificial diet (without cabbage) with wax extracts added from leaf 1 or 8 was 
more acceptable for C. pavonana neonates than similar diet without wax extract. Neonates 
given access to diet with wax extracts gained greater weight than those that fed on the 
control diet (diet without cabbage and without wax extracts) (ANOVA: F=11.14, d.f.=2,44, 
P=0.0001) (Figure 3.19A). Results for leaf 1 and 8 did not differ significantly when means 
were compared. The waxes also enhanced feeding activity: feeding response of neonates 
was greater when presented with filter paper disks impregnated with diet (without 
cabbage) mixed with wax extracts (ANOVA: F=4.865, d.f.=2,57, P=0.011) (Figure 3.19B).  
Leaf wax extracted from leaf 1 versus 8 of B. oleracea when added to diet without 
cabbage did not significantly affect percent survival of C. pavonana (Kruskal Wallis test: 
H=4.30, d.f.=3, P=0.116). 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.19. Feeding behaviour and weight gain by Crocidolomia pavonana neonates. (A) 
Weight gained by Crocidolomia pavonana neonates assessed at 24 hours of feeding on 
diet mixed with wax extracts from leaf 1 and 8. Neonates weighed more when fed on diet 
(without cabbage) with wax extracts compared to control (similar diet but without wax 
extracts) (ANOVA: F=11.14, d.f.=2,44, P=0.0001). N=13 for the control (plain diet without 
wax extract), 15 for the diet with wax extract from leaf 1 and 19 for diet with wax extract 
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from leaf 8. (B) Number of feeding marks made by neonates on filter paper disks 
impregnated with diet without cabbage that contained wax extracts from leaf 1 or 8 of 
Brassica oleracea. Filter paper disks were presented to neonates in a no-choice assay for 
24 hours. The number of feeding marks was significantly greater on discs with wax 
extracts (ANOVA: F=4.865, d.f.=2,57, P=0.011). N = 20 for each treatment. Means with 
standard errors are presented. Different letters indicate significant differences between 
bars in the same data sets. 
 
 
3.3.8. Effect of leaf hardness on the leaf choice made by Crocidolomia pavonana 
 
Leaf toughness measures obtained for leaves 1 to 6 ranged from 318.5 to 362.3 kpa 
whereas the range was 329.2 to 449.4 for leaves 1 to 8. There is a significant difference in 
leaf toughness across leaves for both of the 6 and 8-leaf stage (ANOVA: 6-leaf stage: 
F=5.975, d.f.=5,60, P=0.0002, 8-leaf stage: F=5.641, d.f.=7,80, P=0.0001, respectively) 
(Figure 18). It was expected that leaf 1 (oldest leaf) would be the toughest leaf compared 
to leaf 6 or 8 (youngest). However, the toughest leaves for the 6-leaf stage were leaves 2, 
3, and 4 and leaves 3, 4 and 5 for the 8-leaf stage.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.20. Leaf toughness (kilopascal (kpa)) of the different leaves of a 6-leaf stage (A) 
and 8-leaf stage (B) of Brassica oleracea cv. sugarloaf (ANOVA: 6-leaf stage: F=5.975, 
d.f.=5,60, P=0.0002, 8-leaf stage: F=5.641, d.f.=7,80, P=0.0001). Different letters indicate 
significant difference between bars. Means and standard errors are presented. N = 11 for 
each leaf stage. 
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3.4. Discussion 
 
3.4.1. Oviposition and feeding behaviour of the large cabbage moth, Crocidolomia 
pavonana  
 
Female moths and larvae of C. pavonana were not selective between plant ages when 
overall plant data were compared: in general, plant age did not affect oviposition and larval 
feeding by C. pavonana. However, the proportional distribution of oviposition and feeding 
sites did show limited differences within plants. When distribution of eggs was compared 
across the expanded leaves only, leaf age did not affect oviposition preference by C. 
pavonana at the 6-leaf or 8-leaf stage. When eggs or egg masses laid on expanded 
leaves were compared with the lack of eggs laid on the unexpanded leaf, there was 
greater oviposition on leaf 2 or 2-4, depending on plant age. Oviposition behaviour of 
female moths did not correspond to the varying levels of glucosinolates within plants found 
from analysis of data provided by Ale (B. Ale unpublished data: Figure 3.1). If this had 
been the case then more eggs or egg masses would have been laid either low-down on 
the plant where glucosinolate levels were low, or higher up, where concentrations were 
higher. This lack of discrimination across leaves could be a form of maternal care, which 
conforms to a strategy where adult moths lay their eggs on plant structures that are less 
exposed to predation and parasitism (Janz, 2002; De-Silva et al., 2011) and adverse effect 
of environment such as rain and heat of the sun (Zalucki et al., 2002).  
 
Larval survival is largely determined by oviposition behaviour of adult females: moths lay 
their eggs on plant parts where offspring performance is maximised or where there is a 
greater chance for offspring survival (Awmack & Leather, 2002; Zalucki et al., 2002). 
However, in the current study, oviposition preference did not correspond to larval choice of 
feeding sites. Neonates established the vast majority of feeding sites (active and inactive) 
on upper younger leaves rather than older leaves, whereas female C. pavonana moths 
laid eggs without discrimination. This is despite older leaves likely to be more fibrous and 
of poor nutritional quality, as determined by Moreira et al. (2016). The highest number and 
largest area of feeding sites were mostly concentrated on the unexpanded and youngest 
fully expanded leaves; a strategy that would avoid low nutritional quality and fibrous tissue. 
It would enable faster development and provide refuge from natural enemies, as 
suggested by Takeuchi et al. (2009). 
 
 67 
Feeding damage by C. pavonana on the oldest leaf (leaf 1) was absent for both the 6- and 
8-leaf stage plant data sets, which may indicate that this pest is more sensitive to leaf 
factors than P. xylostella, rejecting all older leaves even in very young plants. Preference 
for younger leaves was not only observed within whole plants but also when younger (leaf 
5 or 8) and older leaves (leaf 1) were excised and feeding responses compared: more 
neonates and feeding damage were recorded on the younger leaf than on the older leaf. 
So it is possible that under field conditions younger plants are more susceptible compared 
to older plant. In a previous work by Smyth et al. (2003a), larvae that have hatched on a 
stage 4 cabbage plant (11-12 true leaves) (Andaloro et al., 1983) had higher and faster 
developmental rates compared to those larvae that hatched on stage 7 (inner leaves 
forming a firm ball). The information obtained here and from the previous work (Smyth et 
al., 2003) may assist farmers to determine the correct timing of application of control 
management strategies.   
 
The behaviour of neonates to feed on the apical portion of the plant and younger leaves 
may be a response to chemical compounds present on crucifers such as the 
glucosinolates (Renwick et al., 2006; Hopkins et al., 2009). Glucosinolates, in particular 
sinigrin and its hydrolysis product allyl isothiocyanate, were found to affect orientation of C. 
pavonana towards its host and to stimulate feeding (Chapter 2). However, for 6-leaf stage 
cabbage plants (B. oleracea cv. Sugarloaf: data from Ale, unpublished), allyl 
isothiocyanate and sinigrin concentration did not vary across plant parts, although the total 
aliphatic and indole glucosinolate concentration was highest on younger leaves, 
suggesting that variation of the total aliphatic and indole glucosinolate concentrations on 
different parts of cabbage plant may explain the choice of younger leaves as preferred 
feeding sites. 
 
Leaf surface wax is also an important factor affecting feeding choice for C. pavonana. The 
removal of wax significantly affected neonate feeding behaviour, with more feeding events 
on leaves with wax than on leaf disks with wax removed. Leaves with wax removed that 
have a smooth surface which resembles naturally glossy cabbage plants (as investigated 
by Eigenbrode & Shelton, 1990; Eigenbrode et al., 1991a, 1991b; Eigenbrode & Pillai, 
1998). The preference by C. pavonana neonates for leaves with wax suggests that wax 
may elicit feeding activity and may indicate that leaf wax could be an important 
morphological characteristic of cabbage plants that can be altered to provide resistance for 
this pest (Eigenbrode et al., 1991b).   
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Certainly there were more feeding marks on filter paper disks impregnated with diet 
containing leaf wax extracts. Glucosinolates present in cabbage plants may evaporate 
through the leaf surface (Reifenrath et al., 2005) and accumulated within leaf waxes (as 
shown by Badenes-Perez et al., 2011). This might provide an avenue for glucosinolate 
concentration to be assessed at the leaf surface. While there is evidence that loss of leaf 
wax encourages more movement through better grip, and a faster walking speed may 
result in reduced feeding (Eigenbrode et al., 1990; Eigenbrode et al., 1991a; Eigenbrode 
et al., 1991b), the experiment incorporating cabbage leaf wax into artificial diet showed 
that the waxes were phagostimulatory. So it is more likely that the role of the leaf waxes is 
related to chemosensory stimulation in C. pavonana. However, while it looks like leaf 
waxes are important phagostimulants, further chemical fractionation of the surface 
acetone extracts would confirm whether there are other components from the leaf are also 
present.  
 
Leaf toughness, considered on its own, did not correspond with larval feeding pattern. 
Leaves showed greater toughness in the middle region of the plant architecture, and less 
at top and bottom. The predominance of feeding activity was towards the top of the plant. 
When nutritional quality is considered alongside toughness though, there may be a 
contribution to feeding choice: the least tough and most nutritious leaf material with the 
highest glucosinolate concentration co-occur in the youngest leaves. 
 
3.4.2. Oviposition and feeding behaviour of the diamondback moth, Plutella xylostella 
 
Plant age significantly affected overall oviposition and feeding preference by P. xylostella. 
Female moths and neonates preferred younger plants (6-leaf stage) than older plants (8-
leaf stage) for oviposition and neonate mining. This result is consistent with previous 
findings where female moths of P. xylostella preferred to lay eggs on younger plants 
where there was a greater chance of larval survival and development (Campos et al., 
2016; Zhang et al., 2012). Younger plants are considered nutritionally superior over older 
plants and suitable for offspring performance (Campos et al., 2003; Campos et al., 2004, 
2016; Coley et al., 2006). Similarly, the intra-plant distribution and the excised leaf 
experiment showed significant preference for feeding on younger leaves. Between plant 
age, the oldest leaf (leaf 1) from younger plant have a greater mining sites than on oldest 
leaf from older plant, which support the assertion that younger leaves are more acceptable 
for feeding. Previous studies have demonstrated that P. xylostella prefer and perform 
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better on younger leaves which contains high level of nitrogen and proteins (Campos et 
al., 2003; Campos et al., 2004; Silva & Furlong, 2012; Moreira et al., 2016). Some inactive 
mining sites by P. xylostella were observed on older leaves (leaf 1 and 2) suggesting that 
larvae were test feeding or have pre-feeding movement before moving on to a more 
suitable leaf for mining, as suggested by Silva & Furlong (2012). Larval preference for 
younger leaves may be a response to varying concentration of glucosinolates within the 
cabbage plant. Ale (unpublished data) provided data for 6-leaf stage cabbage plants of the 
type used in the current study. Analysis of these data showed that there was an increase 
in concentration in younger leaves (Figure 3.1), and increased concentration would 
provide a cue to more nutritional tissue. It has been demonstrated that glucosinolates and 
their hydrolysis products are utilised by P. xylostella as oviposition and feeding stimulants 
(van Loon et al., 2002; Renwick et al., 2006; Hopkins et al., 2009; Textor & Gershenzon, 
2009) and that variation in glucosinolates concentrations negatively affect survival of 
neonates (Li et al., 2000). 
 
The greater acceptability by P. xylostella neonates demonstrated for leaf 1 in younger 
plants suggests that there is a leaf factor that changes with age, which is involved in 
feeding choice and that factor could be a leaf wax. A bioassay using excised leaf 1 disks 
was tested in a no-choice arrangement, and a greater number of mining sites occurred on 
leaf disks with wax than on leaf disks without wax. Consistent with previous studies, P. 
xylostella demonstrated preference for waxy leaves (Eigenbrode et al., 1990; Eigenbrode 
et al., 1991a; Ulmer et al., 2002) and this may explain the higher percentage of larval 
survival on waxy than on glossy cabbage plants.  
 
Leaf toughness did not correspond with larval choice within the plant measured as number 
of feeding sites. However, larval feeding by P. xylostella in terms of length of mines may 
correspond to the toughness of the leaf. Leaves 2, 3, 4 and 5, and 3, 4, 5, 6, and 7 were 
the toughest leaves at 6- and 8-leaf stage, respectively. Interestingly, these leaves have 
the longest mines. The toughest leaves should be less eaten by phytophagous insects 
because of the time and energy needed to bite the leaf (Choong, 1996; Clissold et al., 
2009), however this result indicates that for P. xylostella the toughest leaves within the 
plant are the most suitable leaves for mining. The triggers for mine continuation and 
termination are not yet understood, however it now appears that leaf toughness is possibly 
a factor used by P. xylostella neonates to govern acceptance and mining of a leaf. 
However, further study should be done to confirm this supposition. 
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3.4.3. Differences in oviposition and feeding behaviour between C. pavonana and P. 
xylostella 
 
Oviposition and larval feeding by C. pavonana and P. xylostella differ for data from plants 
of both ages tested. C. pavonana did not discriminate between plant ages, whereas P. 
xylostella preferred younger plants for both oviposition and larval feeding. Preference by 
P. xylostella for younger plants conforms to oviposition preference offspring performance 
theory (Thompson & Pellmyr, 1991; Janz, 2002). Younger plants are suitable for larval 
development because of the nutritional quality of the leaves (Mattson, 1980).  
Both crucifer specialists also differ in the way they lay their eggs. Female moths of C. 
pavonana lay eggs underneath the leaves and near the leaf margins. Here eggs are 
believed to be better protected from predation and parasitism (Thompson & Pellemyr, 
1991; Janz, 2002). Eggs were also laid in clusters and arranged in layers; a strategy that 
provides advantages not only for eggs but also for first instars (Stamp et al., 1980). Eggs 
deposited in clusters have only few eggs exposed to environmental hazards (including 
predation and parasitism), higher hatching rates and the clustering promotes larval 
aggregation that facilitates feeding and locating food; aggregated larvae are more active 
and have a higher percentage of survival (Stamp, 1980; Janz, 2002; Santana & Sucoloto, 
2016). Conversely, P. xylostella lay their eggs singly on both sides of the leaves. It might 
be expected that moths like C. pavonana that lay more protected eggs, show little 
discrimination between leaf heights within plant architecture. Conversely moths that lay 
single eggs with many on top of leaves where they can be washed off with rain, might 
choose to oviposit lower down on plants. Previous work has demonstrated that P. 
xylostella lay most of its eggs on the lower portion of the plant (Silva & Furlong, 2012), 
although in this study this pattern was not as clear as previously reported. Observations of 
moths during oviposition may provide further information regarding how sites are chosen 
and whether chemical cues are involved. 
 
There was a poor correspondence between oviposition site preference and larval feeding 
site. Both species displayed contrasting distribution patterns for egg and feeding sites. 
Eggs were laid across the leaves of the plant, whereas the majority of feeding sites were 
established on upper younger leaves. As leaves age the nutritional value decreases 
(Mattson, 1980; Teixeira et al., 2013; Moreira et al., 2016) and this should encourage 
movement of neonates to a more suitable site for feeding (Zalucki et al., 2002). So in 
addition to chemical cues or phagostimulants, larval preference for younger leaves is likely 
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to be driven by nutritional quality (as discussed by Campos et al., 2003; Moreira et al., 
2016). Access to these leaves would provide tissue containing higher levels of nitrogen 
(Mattson, 1980) and proteins that are essential for larval development (Campos et al., 
2003; Moreira et al., 2016).  
 
The response to leaf surface wax was similar for both C. pavonana and P. xylostella, with 
preference for leaf with wax than leaf with wax removed. When wax was extracted and 
added to the diet without cabbage, it was found to elicit feeding response for C. pavonana 
neonates. These responses to leaf with wax can be attributed to the chemical composition 
of leaf wax (Eigenbrode & Shelton, 1998; Eigenbrode et al., 1991b; Eigenbrode & Espelie, 
1995) such as, fatty alcohols that stimulate feeding by P. xylostella (Eigenbrode et al., 
1991b) and Bombyx mori (Mori, 1982). Therefore, leaf waxes are important 
phagostimulants affecting feeding behaviour of crucifer specialists.  
 
With respect to specific leaves within plants, C. pavonana neonates were more selective in 
feeding sites compared to P. xylostella, choosing youngest expanded and unexpanded 
leaves and with none on the lower leaves. In contrast, P. xylostella feeding sites occurred 
across all leaves. This difference in larval preference of the two crucifer specialists could 
indicate different mechanisms in handling the glucosinolates present on crucifer crops. It 
has been demonstrated that P. xylostella uses sulfatase in its gut to prevent formation of 
the toxic hydrolysis product (Ratzka, et al., 2002). To understand whether glucosinolates 
are handled differently by C. pavonana and P. xylostella, experiments using glucosinolates 
are used to assess survival and growth of C. pavonana in the subsequent chapter. 
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Chapter 4. Growth and survival of Crocidolomia pavonana (F.) (Lepidoptera: 
Crambidae) on diet with sinigrin and allyl isothiocyanate 
 
 
Abstract 
 
Secondary plant metabolites are toxic and/or deterrent to non-adapted insect herbivores. 
However, highly host-specific herbivores overcome chemical defenses of their host plants, 
and some species even rely on them for host location or oviposition and feeding 
stimulation. Glucosinolates are sulfur- and nitrogen-rich plant metabolites that are 
commonly found in the Brassicaceae. The large cabbage moth, Crocidolomia pavonana, is 
an insect herbivore specialising in such plants, however data is lacking to determine the 
effects of glucosinolates and glucosinolate hydrolysis products on this species. Here, the 
effects that sinigrin (allyl glucosinolate) and allyl isothiocyanate have on growth and 
survival of C. pavonana is investigated and compared against a well-studied Brassicaceae 
specialist, Plutella xylostella. Sinigrin and allyl isothiocyanate were presented to newly 
emerged first instars by using an artificial diet containing cabbage powder. After 24 h of 
feeding sinigrin (allyl glucosinolate) caused no mortality in C. pavonana and only 15% 
mortality in P. xylostella. When allyl isothiocyanate was added to diet, C. pavonana again 
showed no mortality after 24 h feeding but P. xylostella larvae suffered 96% mortality. On 
the artificial diet with allyl isothiocyanate 79% of C. pavonana neonates developed into 
second instars after 7 days, which did not differ significantly from survival when the diet 
contained cabbage alone but no additional allyl isothiocyanate. Varying the concentration 
of allyl isothiocyanate (1 to 10 µmol) did not affect survival of C. pavonana neonates 
significantly. In contrast even 1 µmol caused maximal mortality for P. xylostella neonates. 
The results indicate a different adaptation and possibly that a novel mechanism exists for 
glucosinolate metabolism in C. pavonana. 
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4.1. Introduction 
 
Neonate larvae are not only challenged by the physical characteristics of the plants upon 
which they feed (Zalucki et al., 2002) but also by chemicals that they contain, some of 
which are referred to as plant secondary metabolites (Bernays and Chapman, 1994). In 
Brassicaceae, glucosinolates are sulfur- and nitrogen-rich plant metabolites (Halkier and 
Gershenzon, 2006), which are known to mediate interactions between these plants and 
their related insect herbivores (Ahuja et al., 2010, Renwick, 2006). Isothiocyanates are the 
toxic hydrolysis products of glucosinolates produced by the action of the enzyme 
myrosinase that is released following tissue damage during herbivory (Chew, 1988; Textor 
and Gershenzon, 2009; Bruce, 2014). For those insects that can tolerate the glucosinolate 
mediated defences in their food plants, such as the crucifer specialists, the breakdown 
products are often involved in host plant recognition and can act as oviposition attractants 
and feeding stimulants (Halkier and Gershenzon, 2006). Pieris rapae larvae are attracted 
to isothiocyanates (Chew, 1988; Renwick, 1992) whereas Plutella xyllostella uses indole 
glucosinolates and volatile aliphatic glucosinolate breakdown products as cues for host 
recognition and oviposition (Sun et al., 2009; Renwick, 2006). Larvae of P. xylostella grow 
well on diet containing allyl glucosinolates (sinigrin) (Li et al., 2000). Some generalist 
feeders also respond to glucosinolates but only to specific types of hydrolysis products as 
in the case of Trichoplusia ni (H.) (Lepidoptera: Noctuidae) which is stimulated to feed 
more on Arabidopsis that produces nitriles than on those that produces isothiocyanates 
(Lambrix et al., 2001). Similarly, the relative growth rate of generalist Spodoptera eridania 
(C.) (Lepidoptera: Noctuidae) was higher on the allyl-dominant lines (Li, et al., 2000). 
 
Insect herbivores that have adapted to plants containing glucosinolates have evolved 
mechanisms to deal with the glucosinolates-myrosinase system (Halkier and Gershenzon, 
2006; Schramm et al., 2012). For example, the diamondback moth, P. xyllostella uses the 
sulfatase in its gut to produce desulfated glucosinolates that prevent formation of toxic 
isothiocyanate products (Ratzka, 2002; Halkier and Gershenzon, 2006; Textor and 
Gershenzon, 2009). The strategy is not restricted to crucifer specialists; the generalist 
feeder the desert locus, Schistocerca gregaria (Forsskål) (Orthoptera: Acrididae), employs 
a sulfatase to prevent isothiocyanate production when it feeds on plants containing 
glucosinolates (Falk and Gershenzon, 2007). Pieris rapae circumvents the glucosinolate-
myrosinase system by redirecting the hydrolysis products toward formation of less toxic 
nitriles instead of the highly toxic isothiocyanates, owing to the nitrile-specifier protein 
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present in the gut of Pieris larvae; the resulting nitriles being excreted with the frass 
(Wittstock et al., 2004; Halkier and Gershenzon, 2006). Other strategies employed to 
assist herbivores to avoid the toxic breakdown products from glucosinolates include the 
rapid absorption of glucosinolates from their digestive tracts before they are hydrolyzed 
(Textor and Gershenzon, 2009) and the rapid excretion of glucosinolates from the gut 
(Winde & Wittstock, 2011). The generalist lepidopteran, Spodoptera littoralis (Boisduval) 
(Lepidoptera: Noctuidae) conjungates isothiocyantes ingested from the leaves of 
Arabidopsis thaliana (Col-0) with glutathione and excretes the conjugate in frass 
(Schramm et al., 2012). 
 
The large cabbage moth, Crocidolomia pavonana (F.) (Lepidoptera: Crambidae), is one of 
the most damaging Brassicaceae specialists attacking Brassica crops, and damage by this 
pest can cause up to 100% yield loss (Chapter 1). No work however, has been done to 
determine how this pest handles the glucosinolate myrosinase system present in its host 
plants. 
 
Here I determine what effect glucosinolates, in particular allyl glucosinolate (sinigrin) and 
allyl isothiocyanate, have on survival and growth of C. pavonana and compared to data 
obtained for P. xylostella, which has been studied well for its response to the 
glucosinolates-myrosinase system. 
 
 
4.2. Materials and methods 
 
4.2.1. Host Plants 
 
Common cabbage, Brassica oleracea cv. Sugarloaf was used as host plant for maintaining 
cultures and for experimentation. Seedlings were bought from Poehlman’s nursery in 
Gatton, Queensland, Australia and were transplanted into pots (125mm; SL Taglok) 11.5 
cm in diameter, using organic potting mix (UQ23) with 3-4 g of slow-release NPK fertilizer 
(Osmocote N:P:K, 16:35:10). Seedlings were watered everyday and grown under natural 
light and temperature (12L:12D, 26±2°C) in a well-ventilated glasshouse at the University 
of Queensland, St. Lucia, Queensland.  
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4.2.2. Insects 
 
The study used large cabbage moth, C. pavonana, and diamondback moth, P. xylostella, 
reared at the Entomology laboratory were at the School of Biological Sciences at the 
University of Queensland (Chapter 2, Section 2.2.2). Both species were reared in 45 x 45 
x 45 cm plastic framed insect cages (EM4030; Australian Entomological Supplies Pty., 
Ltd.) inside a controlled temperature room (±23ºC) using the common cabbage plant, B. 
oleracea cv. sugarloaf as a host. For each cage containing adult moths of C. pavonana or 
P. xylostella, single potted plants of B. oleracea (2-3 weeks after transplanting (6-10 leaf 
stage) were placed inside the cage for oviposition. The adult moths were supplied with 
10% honey solution as food source. When the population of moths increased to more than 
30 individuals, honey solution was presented to them by a folded tissue paper placed on 
top of the lid of a plastic box (13.5 x 18.7 cm; Tri-State Plastics, Dixon). Plants bearing 
eggs or egg masses were transferred to another cage of the same size. When eggs 
hatched and then larvae developed to the second instars (3-5 days) the leaves were cut 
from the plants and placed, together with the larvae feeding on them, into ventilated plastic 
boxes lined with dry tissue paper (22 x 18 x 9 cm; Tellfresh, Décor). Fresh cabbage leaves 
from the stock of cultivated plants in the glasshouse were added to the culture boxes daily 
to feed the developing larvae of P. xylostella and C. pavonana, and old leaves removed. 
Fresh leaf material was added to the boxes until the larvae pupated. For C. pavonana, 
once the larvae reached the fourth instar, they were transferred into separate clean 
ventilated boxes (22 x 18 x 9 cm; Tellfresh, Décor) half-filled with vermiculite as the 
pupation substrate. 
 
4.2.3. Toxicity of sinigrin (allyl glucosinolate) and allyl isothiocyanate when fed to 
Crocidolomia pavonana and Plutella xylostella  
 
The toxicity of sinigrin (allyl glucosinolate) and allyl-isothiocyanate was tested using a 
previously developed artificial diet (Chapter 2). This experiment was carried out using 
unfed first instar larvae and chemicals purchased from Sigma-Aldrich with purity of ≥99.0% 
and ≥95%, respectively for sinigrin (allyl glucosinolate) and allyl isothiocyanate. The diets 
containing the test chemicals were prepared on the day of the experiment to ensure 
freshness and no loss/degradation of chemicals added, particularly the allyl-
isothiocyanate, which is volatile. A single large batch of diet was prepared by mixing all the 
ingredients (Table 2.1) and brought to a boil in a microwave (Samsung, 1000W) for 3-5 
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minutes. The diet was allowed to cool after boiling at approximately 450C and split into 
different treatments to which the sinigrin (dissolved in distilled water) and allyl 
isothiocyanate (dissolved in acetone) at 10 µmol/g diet were added and thoroughly mixed. 
Only the maximum concentration was chosen for this experiment because the earlier 
experiment using different concentrations indicates that lower concentrations had no effect 
for C. pavonana neonates (Figure 4.3). The mixtures of diet and test chemicals were then 
poured and allowed to solidify in separate 90 mm plastic Petri dishes. The following 
treatments were evaluated: T1 – Control (diet with cabbage without sinigrin or allyl 
isothiocyanate), T2 – Diet with cabbage + sinigrin (10 µmol/g diet) and T3 – Diet with 
cabbage + allyl isothiocyanate (10 µmol/g diet). 
 
The diet containing sinigrin and allyl isothiocyanate were presented to newly emerged 
unfed neonates in pieces (205 mg) inside a 30 ml Huhtamaki clear plastic graduated 
portion cup (Huhtamaki BCP Ltd.). Newly emerged neonates for C. pavonana and P. 
xylostella were placed individually on top of the diet (N=30 for each treatment). Plutella 
xylostella, which is highly susceptible to allyl- isothiocyanate (Li et al 2000), was used as 
control. The insects used in this experiment were prepared by collecting egg masses of C. 
pavonana that were laid and a given day and were about to hatch (black in color) while 
diamondback moth eggs were collected using a 5 x 5 cm parafilm sheet placed over a 
150ml Erlenmeyer flask with one cabbage leaf inserted through the sheet and exposed to 
moths in rearing cages. 
 
Neonates (N=11 for each group, total of 33) were allowed to feed on diets for 24 h and 
mortality was then determined. For surviving larvae, 24 h weight gain was determined from 
15 neonates. This was done by taking the initial weight (before food was offered) and after 
24 hours. At that point, the diet in each cup was removed to allow the larvae void their gut 
contents for 4 hours. Weight was measured using a weighing scale with 0.0001g 
sensitivity (Mettler Toledo XS3DU). In addition, for C. pavonana, the number of neonates 
that developed into second instar was counted after 7 days. 
 
4.2.4. Dose responses of Crocidolomia pavonana and Plutella xylostella to allyl 
isothiocyanate  
 
In this experiment, two different types of insect diet were used: (1) diet with cabbage and 
(2) diet without cabbage. The ingredients and method of preparation for both diets was the 
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same as that used in the above experiment except that diet without cabbage was made by 
excluding cabbage powder. Diet without cabbage was used to determine if allyl 
isothiocyanate stimulated feeding by neonates of one or both crucifer specialists. Allyl 
isothiocyanate was dissolved in acetone and added to the diet in different concentrations 
of 1.0, 2.5, 5.0, 7.5 and 10 µmol/g per diet. A control treatment contained cabbage but no 
added allyl isothiocyanate (N=10 for each group, total of 30). 
 
4.2.5. Statistical analysis 
 
Mortality data were determined by counting the number of dead neonates 24 hours from 
the start of the experiment. Proportion data were transformed using the arcsine 
transformation and tested for normality using the Ryan-Joiner normality test performed in 
Minitab® (version 16), including for weight gain data. For normally distributed data, 
analysis of variance was used followed by Dunnett’s multiple comparisons test. Means 
were back transformed and converted to percentages for graphical presentation. Data that 
were not normally distributed were analysed using a Kruskall-Wallis test. Analyses were 
run using Prism (GraphPad Prism® Version 6.0h). 
 
 
4.3. Results  
 
4.3.1. Toxicity test 
 
The diet with cabbage powder added, but without sinigrin or allyl isothiocyanate (control), 
diet with cabbage plus sinigrin only, and diet with cabbage plus allyl isothiocyanate only, 
and assessed at 24 h, resulted in no mortality for C. pavonana (Figure 4.1). In contrast to 
C. pavonana, allyl isothiocyanate was toxic to P. xylostella, which yielded 88% (29 out of 
33) mortality, whereas the control diet (with cabbage) and the diet also containing sinigrin 
were relatively less toxic as they each caused only 15% mortality (5 out of 33) (Figure 4.1) 
(ANOVA: F=12.19, d.f.=2,6, P=0.0001). The different treatments did not render significant 
differences for weight gained by C. pavonana caterpillars (Figure 4.2A) (ANOVA: F=3.131, 
d.f.=2,42, P=0.054). Weight gain by neonates of P. xylostella that fed on diet with cabbage 
but without sinigrin or allyl isothiocyanate differ with neonates presented with diet 
(containing cabbage) plus sinigrin (Mann-Whitney test: U=39, d.f.=28, P=0.001) (Figure 
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4.2B). Weight gained by P. xylostella neonates that fed on diet with allyl isothiocyanate 
was not investigated as most (88%) were killed. 
 
Surviving larvae of C. pavonana moulted and developed to second instars after 7 days.  
Although fewer C. pavonana neonates developed into 2nd instar when fed on diet with 
added sinigrin than when fed on diet with allyl isothiocyanate, it did not differ statistically 
and neither differed from diet with cabbage alone (ANOVA: F=3.252, d.f.=2,101, P=0.060). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Percent mortality (±SE) of newly emerged, unfed neonate Crocidolomia 
pavonana and Plutella xylostella at 24 hours of feeding on diet with cabbage, or diet with 
cabbage to which 10µmol/g diet of sinigrin or allyl isothiocyanate had been added. Neither 
sinigrin nor allyl isothiocyanate affected C. pavonana mortality, whereas allyl 
isothiocyanate was toxic to P. xylostella (black bar) (ANOVA: F=12.19, d.f.=2,6, 
P=0.0001). Bars are proportions with standard errors. Different letters above columns 
indicate a significant difference for those comparisons. N=11 for each group. 
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Figure 4.2. Means and medians for weight gain (mg) (±SE) by (A) Crocidolomia pavonana 
and (B) Plutella xylostella after 24 hours of feeding on diet with cabbage, or on diet with 
cabbage but with 10µmol/g diet of sinigrin (grey bar) or allyl isothiocyanate (black bar) 
added. Neither sinigrin no r the allyl isothiocyanate affected larval weight gain for C. 
pavonana (ANOVA: F=3.131, d.f.=2,42, P=0.054). N=15 for each treatment. Weight gain 
for P. xylostella neonates was significantly greater on control (with cabbage) than on diet 
with cabbage plus sinigrin (Mann-Whitney test: U=39, d.f.=28, P=0.001). N=15 for each 
treatment. Mortality of neonates that fed on diet with cabbage plus allyl isothiocyanate, 
and consequently small sample size remaining alive, did not allow for statistical analysis. 
Bars are means with standard errors. Letters that differ above column comparisons 
indicate significant difference.  
 
 
4.3.2. Effect of varying concentrations of allyl isothiocyanate on survival of Crocidolomia 
pavonana and Plutella xylostella  
 
Varying the concentrations of allyl isothiocyanate added to diet with and without cabbage 
did not result in significant differences in the percentage mortality for C. pavonana within 
each treatment (ANOVA: F=1.51, d.f.=5,24, P=0.221. Mortality was however, significantly 
greater on diet without cabbage (ANOVA: F=99.94, d.f.=1, 24, P=0.0001) (Figure 4.3A), 
and attributable to non-attractiveness of the diet because larvae did not feed, as 
evidenced by weight loss of the neonates given access to diet without cabbage (Figure 
4.3B). This shows that allyl isothiocyanate is non-stimulatory for feeding. For C. pavonana 
neonates presented with diet with cabbage plus different concentrations of allyl 
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isothiocyanate, larval weight did not differ significantly amongst the treatments, but some 
did differ from the treatment using diet without cabbage (Kruskal-Wallis: H=25.63, d.f.=62, 
P = 0.0003) (Figure 4.3B).  
 
In contrast, P. xylostella neonates were significantly affected by allyl isothiocyanate added 
to artificial diet. The different concentrations of allyl isothiocyanate yielded a high 
percentage mortality: from 50 – 90% (Figure 4.4). Significantly, the control (diet with 
cabbage only) had the lowest mortality, of only 20%. This supports the outcome for the 
previous experiment showing sensitivity of P. xylostella larvae to allyl isothiocyanate. The 
high mortality on diet without cabbage (with no added allyl isothiocyanate) was due to lack 
of feeding, since no feeding marks were evident. So, like C. pavonana, neonates of P. 
xylostella do not use allyl isothiocyanate as a feeding stimulant and require some other 
component of cabbage to be present. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3. Effect of allyl isothiocyanate concentrations on performance of 1st instar unfed 
neonates of large cabbage moth, Crocidolomia pavonana assessed after 24 hours of 
feeding. (A) Percent mortality on diet with (white bars) and without cabbage (grey bars) 
with 1–10 µmol of allyl isothiocyanate/g diet and (B) weight gain (mg) after 24 hours. 
Different concentrations of allyl isothiocyanate did not significantly affect larval feeding of 
large cabbage moth, however diet without cabbage did have an affect (ANOVA: F (1, 
24)=99.94, P=0.0001). N=10 for each group. Larval weight of those presented with diet 
with cabbage plus allyl isothiocyanate was significantly greater than diet without cabbage, 
for 5 and 10 µmol/g diet, (Kruskal-Wallis: H=25.63, d.f.=62, P = 0.0003), but did not differ 
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within the diet with cabbage treatment. N=10 for each concentration, 9=for diet without 
cabbage. Different letters above columns indicate a significant different for that 
comparison. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. Percent mortality of diamondback moth, Plutella xylostella on diet with (white 
bars) and without cabbage (grey bars) with added concentrations of allyl isothiocyanate (0, 
1, 5 and 10 µmol/g diet). Single neonates were placed on diet. Number of dead larvae 
after 24 hours was counted and data were transformed using the arcsine transformation. 
Means were backtransformed and converted to percentage for graph presentation. Allyl 
isothiocyanate concentrations on diet with cabbage significantly affected feeding of P. 
xylostella neonates with lowest mortality on the control (without isothiocyanate) (ANOVA: 
F=6.214, d.f.=6, 63, P = 0.0001). Mortality on diet without cabbage was attributed to 
starvation because larvae did not eat the diet. Columns with different letters indicate a 
significant different for those comparisons. N=10 for each treatment. 
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4.4. Discussion 
 
The crucifer specialists, large cabbage moth, C. pavonana and diamondback moth, P. 
xylostella respond differently to the presence of allyl isothiocyanate in diet, but 
demonstrate a similar response to sinigrin. The allyl isothiocyanate was toxic to P. 
xylostella larvae but not to C. pavonana. Previous study into crucifer specialists has 
demonstrated that allyl isothiocyanate is lethally toxic for P. xylostella (Li et al., 2000) and 
reduces survival and growth for Pieris rapae (Agrawal & Kurashige, 2003). It is surprising 
that C. pavonana is able to tolerate this compound and gain weight and continue 
development while feeding on it, when added to artificial diet containing cabbage powder. 
Larval survival for C. pavonana was 100% at 24 hours, whereas only 4% of P. xylostella 
larvae survived exposure to diet with allyl isothiocyanate.  Concentrations up to 10 µmol/g 
diet were tested. When the amount of allyl isothiocyanate was compared with what is 
found in cabbage leaves, the amount of allyl isothiocyanate in cabbage leaves was 
estimated to be 0.04 mg/g (unpublished data: B. Ale) of fresh weight cabbage leaves, 
whereas the diet containing 1 µmol of allyl isothiocyanate has 0.10 mg/g of diet.  
 
In the earlier work using non-host plant, allyl isothiocyanate also elicited a feeding 
response for C. pavonana (Chapter 2). However, when isothiocyanate at different 
concentrations was added to diet without cabbage, both crucifer specialists did not eat the 
diet, resulting in high percentage mortality. This finding indicates that diet without cabbage 
is not attractive for the neonates but also that allyl isothiocyanate alone does not provide 
any stimulus for feeding. Other components of cabbage are necessary for feeding to 
occur.  For caterpillars specialising on Brassica crops, allyl isothiocyanate is used as a cue 
for host recognition (Hopkins et al., 2009) such as the turnip sawfly, Athalia rosae (Barker 
et al., 2006), and P. xylostella (Renwick, 2006). These results suggest that allyl 
isothiocyanate is an important factor that plays a role in the selection or location of suitable 
host plant for feeding. 
 
Consistent with previous work, sinigrin (allyl glucosinolate) caused low mortality for both 
crucifer specialists. This finding corroborates earlier work presented in Chapter 2, where 
sinigrin was found to be a strong feeding stimulant for C. pavonana. Plutella xylostella has 
also been found to be strongly induced to feed on leaves of non-host plants when painted 
with sinigrin and when agar diet is mixed with sinigrin (Thorsteinson, 1953; van Loon et al., 
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2002). In the current study, mortality of P. xylostella after 24 h was not significantly 
affected by sinigrin.  
 
The glucosinolate-myrosinase system is an activated defense system and the defensive 
function is attributed to the toxic allyl isothiocyanates encountered by insect herbivores 
(Winde & Wittstock, 2011).  The formation of allyl isothiocyanates happens when 
glucosinolates stored in separate compartments in the leaf, come in contact with 
myrosinase cells, upon tissue disruption during herbivory (Winde & Wittstock, 2011; 
Halkier and Gershenzon, 2006; Hopkins, et al., 2009; Bruce, 2014). The released products 
interact with proteins, which are likely to impact functions of insect cells (Winde & 
Wittstock, 2011). Since the current study shows at C. pavonana is not affected by allyl 
isothiocyanate, it is evident that the insect uses a mechanism for handling the compound 
that differs from P. xylostella. Plutella xylostella and cabbage white butterfly, P. rapae have 
been demonstrated to possess biochemical mechanisms to detoxify or avoid formation of 
toxic isothiocyanates. For P. xylostella, the endogenous sulfatase in its gut converts 
glucosinolates to desulfoglucosinolates preventing hydrolysis and the formation of toxic 
isothiocyanates (Ratzka et al., 2002). Interestingly, a generalist, S. gregaria, also uses 
sulfatase and benefits from this mechanism when feeding on plants-containing 
glucosinolates (Falk & Gershenzon, 2007). On the other hand, P. rapae avoid the 
glucosinolate-myrosinase system through the nitrile-specifier protein present in the gut of 
larvae which redirects the hydrolysis process towards formation of less toxic nitriles that 
are excreted through the frass either unchanged or after further metabolism (Wittstock et 
al., 2004; Winde & Wittstock, 2011).  
 
Crocidolomia pavonana may utilise a novel mechanism for glucosinolates metabolism, and 
further research is needed to track the metabolic pathway. However, it is also possible that 
the insect is avoiding toxicity by sequestering the toxic plant compounds (Winde & 
Wittstock, 2011). Sequestration could be beneficial for insects having this mechanism 
because they are better defended from the attack of parasitoids or parasites (Winde & 
Wittstock, 2011; Pratt et al., 2008; Opitz & Müller, 2009). As reported by Rejesus and 
Navasero-Ward (2003) there were only few effective natural enemies for C. pavonana. In 
some cases, isothiocyanates are conjugated with glutathione and excreted in unaltered 
form (Schramm et al., 2012). The tolerance of C. pavonana neonates for a diet containing 
10 µmol of allyl isothiocyanate could be due to the induction of detoxification enzymes 
present in their midguts (Glendinning, 2002). Several studies have demonstrated that 
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enzymes concentrated in insect’s midgut, such as the cytochrome P450 and glutathione 
S-transferases are likely to be involved in detoxifying plant toxins before they are absorbed 
in the body, and contribute in tolerating toxicity of plant compounds (Wadleigh & Yu, 1988; 
Schuler, 1996; Scott & Wen, 2001; Hung et al., 1996). Future studies should determine 
whether isothiocyanate detoxification is mediated biochemically or by enzymatic activities. 
Feeding assays with transgenic plants of different glucosinolates profiles might be useful 
to investigate such mechanisms, in concert with molecular and analytical techniques (e.g. 
Hopkins et al., 2009; Winde & Wittstock, 2011). 
 
The current study shows that the large cabbage moth, C. pavonana with the same 
specialized feeding habits as P. xylostella differs in its response to the glucosinolates-
myrosinase system. The contrasting responses of these two crucifer specialists may imply 
different degrees of adaptation to the glucosinolates-myrosinase system.  
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Chapter 5. General Discussion 
 
The large cabbage moth, Crocidolomia pavonana is a significant caterpillar pest of 
Brassica crops in South and Southeast Asia, Africa, Oceania and Australia (Rejesus and 
Navasero-Ward, 2003). The damage caused by this pest can be substantial because 
young plant tissues are consumed preferentially (Takeuchi et al., 2009; Chapter 3, Section 
3.3.1) and a single larva that bores into the centre of a cabbage head can damage the 
entire plant resulting in 100% yield loss (Rejesus & Navasero-Ward, 2003). There is a 
scarcity of literature on large cabbage moth and there is only limited knogwledge on the 
interactions of this insect with its crucifer hosts. An understanding of how the pest interacts 
with its hosts would provide information useful for improved plant modification and 
breeding, and development of additional pest management strategies. My research 
investigated how a pest considered to be a specialist on crucifers manages to feed on 
plants containing glucosinolates. Specifically, I addressed what effect some glucosinolates 
and their hydrolysis products have on behaviour of C. pavonana, how plant age influences 
the choice of feeding and oviposition sites, the effects of leaf surface wax and leaf 
toughness and the effects of glucosinolates and their toxic hydrolysis products on survival 
and growth. The results obtained add to the existing body of knowledge in the field of 
insect-plant interactions, specifically in relation to specialist herbivores.  
 
I developed an artificial diet (Chapter 2) for C. pavonana so as to test the effect of dietary 
components such as glucosinolates, on larval behaviour, and provide a means for 
studying this insect pest off the plant. Artificial diet provides an environment in which 
variables can be tightly controlled and the diet simplified offers this kind of environment 
because it does not contain any component that would affect the behavioural responses of 
neonates. Though, this approach may have a drawback as the endogenous glucosinolates 
may be hydrolysed during diet preparation because tissues of cabbage leaves were 
damaged and toxic products could be released as a result of myrosinase activity. In 
addition, hydrolysis products like the isothiocyanates are volatile and may evaporate when 
mixed into the diet. But no evidence was obtained to support these assumptions because 
this was not assessed. Nevertheless, the cabbage powder mixed into the diet was found 
to be active as indicated by the significant effect of diet with cabbage on the behavioural 
responses of C. pavonana neonates. This result agrees with the previous findings by 
Thorsteinson (1953) which indicate that the cabbage in the agar diet is as attractive as the 
fresh cabbage leaves. Alternatively, transgenic plants can be used for this kind of 
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experiment. However, the use of plants may involved other factors such as other pathways 
that may be induced during feeding of test insects and this could affect the neonates’ 
behavioural responses (Muller et al., 2010).  
 
I assessed how feeding behaviour of C. pavonana was influenced by the presence of 
cabbage in the diet. The highest percentage (81%) of neonates completed development 
on a diet that incorporated powdered cabbage. This diet (with cabbage) supported larval 
survival and development of C. pavonana until adult emergence, in contrast to other 
nutritional diets that did not contain cabbage. Diet with cabbage is known to be suitable for 
rearing C. pavonana: Kurihara et al. (1987) determined that it compared well with fresh 
cabbage leaves. I simplified the diet. Importantly, other chlorophyll-containing components 
(a variety of edible leaves) were not suitable replacements for cabbage, suggesting that 
there was something specific about cabbage needed for feeding and/or growth.  
 
The role of cabbage in diet was tested and implicated in the behavioural responses of C. 
pavonana: neonates had a strong orientation behaviour towards diet with cabbage when 
compared to diet without cabbage. Greater weight gain indicated that cabbage might be a 
feeding stimulant for the neonates. This conclusion was confirmed by data obtained in 
olfactometer tests and an assay using filter paper disks impregnated with diet containing 
cabbage. In these experiments a greater percentage of neonates were positively attracted 
to the odour of diet with cabbage powder than to diet without it; and a greater number of 
feeding marks on leaf disks impregnated with diet with cabbage showed that more feeding 
attempts occurred when diet contained cabbage. For C. pavonana neonates, cabbage in 
the diet acts as an orientation cue and feeding stimulant. 
 
The possibility that neonate behaviour in the presence of cabbage is explained by 
response to the presence of the glucosinolates was explored (Chapter 2). By using the 
artificial diet, other plant chemicals could be excluded, such as those present in leaf 
waxes, or developed through cutting or damaging leaves, such as jasmonic acid. 
Glucosinolates are sulphur- and nitrogen-containing plant compounds, which are known to 
mediate interactions between crucifer specialists and their hosts (Hopkins et al., 2009). 
Some insects specializing on crucifers are known to use glucosinolates as 
phagostimulants and a cue to locate a suitable host (Thorsteinson, 1953; van Loon et al., 
2002; Renwick, 2006; Hopkins et al., 2009; Bruce, 2014). 
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The response of C. pavonana neonates to sinigrin (allyl glucosinolate) was found to differ 
from its hydrolysis product, allyl isothiocyanate (Chapter 2). Neonates were stimulated to 
feed on diet without cabbage when sinigrin was present, in contrast to diet without 
cabbage but with allyl isothiocyanate added. With sinigrin, neonates were also induced to 
feed on a non-host plant (cotton), showing that it is an important phagostimulant. Although, 
in this study, allyl isothiocyanate was also found to elicit feeding on leaves of the non-host 
plant. However, non-volatile compounds present in the non-host plant or probably 
nutrients may have also contributed to the attraction of neonates to cotton leaves.   
 
Feeding was shown to occur in the presence of the glucosinolate sinigrin, but there was 
evidence that olfaction played a role in diet containing cabbage (Chapter 2). To test this 
form of chemoreception further, specifically for sinigrin and allyl isothiocyanate, a two-
armed olfactometer bioassay was used. Sinigrin and allyl isothiocyanate presented on 
filter paper disks at the ends of the olfactometer arms, did not cause positive orientation by 
neonates. But in the presence of an undamaged cabbage plant there was a stronger 
attraction to the odour of allyl isothiocyanate, impregnated into filter papers disks, than to 
sinigrin. This may explain why neonates are largely attracted to damaged plants (Ale et al., 
2011). During herbivory, following tissue damage, glucosinolates come in contact with 
myrosinase enzymes and isothiocyanates are released (Bruce, 2014). The conclusion, 
drawn from the experimental results (Chapter 2), is that allyl isothiocyanate is an olfactory 
cue for C. pavonana in the presence of other whole plant volatiles. 
 
I assessed the role of plant and leaf age on egg distribution and later larval feeding 
distribution of C. pavonana neonates (Chapter 3). Egg and larval distribution was not 
affected by the plant ages tested. A comparison was made directly against P. xylostella 
because this insect is well-studied in terms of its host-plant relationships especially with 
respect to glucosinolates, as a specialist herbivore on Brassica plants. Any differences in 
preferences and behaviour need to be recognised so that management strategies can 
take these into consideration, and the erroneous assumption that both pests will be 
adequately controlled by the same approach can be avoided. Crocidolomia pavonana and 
P. xylostella differed in their responses for the effect of plant age: P. xylostella female 
moths and neonates preferred younger plants for oviposition and larval feeding. The 
oviposition and feeding behaviour of P. xylostella corresponds to preference-performance 
theory where the choice of oviposition site by female moths determines the survival and 
development of the offspring (Janz, 2002). Younger plants are considered to have higher 
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nutritional value, suitable for offspring performance because leaves contain high levels of 
nitrogen, water and proteins (Mattson, 1980; Moreira et al., 2015). Consistent with 
previous studies (Silva & Furlong, 2012; Campos et al., 2003; Campos et al., 2004; Zhang 
et al., 2012), larval survival and development of P. xylostella was higher on younger 
plants/leaves than on older ones. 
 
Importantly, egg-laying behaviour between the two crucifer specialists differed. 
Crocidolomia pavonana deposit eggs in clusters and within egg masses (Chapter 3). Eggs 
are arranged in layers on the underside of the leaves, whereas P. xylostella deposits 
single eggs on both sides of the leaves. The intra-plant distribution of feeding sites showed 
a pattern that contrasted with the egg distribution for both crucifer specialists. Neonates 
preferentially fed on upper younger leaves. Egg placement on lower leaves may 
correspond to sites less exposed to predation and parasitism, and hazards of 
environmental conditions (Thompson & Pellmyr, 1991). As leaves age, the nutritional 
quality of the leaf changes and this results in a decrease in leaf acceptability (Mattson, 
1980; Teixeira et al., 2013; Moreira et al., 2015). The poor quality of lower leaves 
encourages neonates to move to a more nutritious plant parts where larval fitness is 
maximised (Campos et al., 2004; Campos et al., 2003; Moreira et al., 2015). Upper 
younger leaves contain higher concentrations of nitrogen and proteins (Mattson, 1980; 
Moreira et al., 2015) suitable for larval development. Another important source of nitrogen 
for insect herbivores are the free amino acids (Cockfield, 1988).  But there are cues 
available to neonates beyond having to feed at every leaf. For example, orientation to 
overhead light (Perkins, et al., 2008), plant micro-environment (light and angle) (Cribb et 
al., 2010); and plant factors including plant architecture, leaf hairs and trichomes, leaf 
waxes, leaf toughness (Zalucki et al., 2002). 
 
Although feeding site distribution was skewed to the younger leaves, the youngest of 
which were less tough than older leaves, leaf toughness did not completely explain 
feeding preference for either C. pavonana or P. xylostella because older leaves were also 
less tough (Chapter 3). More likely the nutritional component was of more importance. 
Although, it was discovered that P. xylostella undertook longer mines in tougher leaves. 
Leaf toughness should deter phytophagous insects from feeding (Zalucki et al., 2002) 
because it is hard and requires time and energy needed to bite the leaf (Choong, 1996; 
Clissold et al., 2009); however, this result indicates that for P. xylostella the toughest 
leaves within the plant are the most suitable leaves for mining. Possibly because it would 
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be less likely for the neonates to leave once they form a mine in the mesophyll layer. In 
addition, tough leaves may contain amino acids, which can stimulate feeding. Moreover, 
the toughest leaves were bigger in size and this may have contributed to the preference 
for neonates to mine on tough leaves. But the correlation of leaf size versus insect feeding 
needs to be validated. 
 
Leaf waxes provide a possible chemical cue for assessing leaf suitability (Eigenbrode and 
Espelie, 1995; Zalucki et al., 2002). To assess this, leaf waxes were removed from the 
cabbage leaves (Chapter 3). The effect of the removal of leaf surface wax was more 
apparent for C. pavonana than P. xylostella. Neonates preferred leaves with wax than 
leaves with wax removed, as indicated by greater number of feeding sites. Furthermore, 
neonates were stimulated to feed on artificial diet (without any cabbage added) with the 
addition of extracted leaf wax from older and younger leaves; although feeding response 
did not differ between waxes from differently aged leaves. The conclusion that can be 
drawn is that leaf wax and its components serve as phagostimulants for C. pavonana. The 
morphology of leaf waxes changed with leaf age. Scanning electron micrographs of the 
wax crystals from older leaves (leaf 1) differed from those on younger leaves (leaf 5 and 8) 
and this is likely to be associated with plant compounds (Eigenbrode & Espelie, 1995). A 
lack of discrimination between waxes though, argues for a general phagostimulatory role 
for C. pavonana neonates, rather than waxes playing a role in discriminating leaf suitability 
for feeding. 
 
The preference of neonates for younger leaves does correspond to higher overall levels of 
glucosinolates within plants. At the 6-leaf stage, younger leaves were found to have the 
highest concentration of total aliphatic and total indole glucosinolates (Ale, unpublished 
data: Chapter 3, Figure 3.1). But the feeding distribution does not correspond to sinigrin or 
allyl isothiocyanate levels (as determined from analysis of Ale, unpublished data) since 
these do not differ across the plant, although these compounds serve as phagostimulants 
and orientation cue for C. pavonana. Several studies have demonstrated that 
glucosinolates are involved in the behavioural responses of insect herbivores towards its 
host. Sinigrin was found to stimulate feeding by P. xylostella when applied on a non-host 
plant (Thorsteinson, 1953; van Loon et al., 2002). Renwick et al. (1983, 2006) also 
reported that isothiocyanates are involved in host plant recognition and oviposition 
stimulation for P. xylostella and P. rapae. Furthermore, allyl isothiocyanate also orients 
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females of turnip sawfly, Athalia rosae (L.) (Hymenoptera: Tethredinidae) towards its host 
and the glucosinolates sinigrin and sinalbin elicit oviposition probing (Barker et al., 2006). 
In order to understand how C. pavonana neonates respond to glucosinolates, and whether 
they might act as a suitable cue for leaf choice, neonates were exposed to artificial diet 
with sinigrin or allyl isothiocyanate. Surprisingly the response to allyl isothiocyanate 
differed between C. pavonana and P. xylostella. Consistent with earlier work (Chapter 1), 
sinigrin promoted larval feeding, but allyl isothiocyanate at 10 µmol/g added to the diet with 
cabbage powder was toxic to P. xylostella, whereas C. pavonana continued feeding on the 
diet and gained weight (Chapter 4). A variety of concentrations did not change the 
outcome. When allyl isothiocyanate was added to artificial diet without cabbage, both C. 
pavonana and P. xylostella neonates did not eat the diet, which means that allyl 
isothiocyanate alone (at the concentrations tested) did not provide feeding stimulation for 
either crucifer specialist. However, when allyl isothiocyanate was applied to a non-host 
cotton plant it release feeding response for C. pavonana. So it is possible that there is an 
unknown leaf factor from the cotton leaves that is involved in the feeding stimulation of C. 
pavonana. The cue may be a common volatile, since odour from an undamaged cabbage 
plant was also found to become attractive for orientation by the neonate larvae when allyl 
isothiocyanate was present (via filter paper adjacent to the plant), in an olfactometer 
assay. 
 
The very high survival of C. pavonana on diet with cabbage, with 10 µmol/g diet of allyl 
isothiocyanate added (Chapter 4), demonstrates that this insect tolerates the usually toxic 
hydrolysate. This finding indicates that a mechanism is involved in metabolizing the toxic 
isothiocyanate that differs from the mechanism of bypassing formation of the chemical 
shown by P. xylostella. For P. xylostella, the sulfatase enzyme in the larval gut is used to 
convert glucosinolates into desulfoglucosinolates that are less toxic (Ratzka et al., 2002). 
Other specialist insect herbivores not only utilize glucosinolates as feeding and oviposition 
stimuli but have mechanisms to overcome the glucosinolate-myrosinase defense system 
too (Winde & Wittstock, 2011; Heckel, 2014). Glucosinolate breakdown products can also 
be diverted through a protein produced in the gut of insects (Winde & Wittstock, 2011). 
The nitrile-specifier protein in the gut of P. rapae blocks the formation of glucosinolate 
hydrolysis products to form simple nitriles that are then excreted with the frass (Wittstock 
et al., 2004; Pentzold et al., 2015). The turnip sawfly uses a different approach: it is able to 
overcome the glucosinolate-myrosinase system by sequestering intact glucosinolates in 
the hemolymph and the sequestered glucosinolates are then used to deter larval predators 
 91 
(Müller et al., 2001). While C. pavonana may use a novel metabolic pathway to handle 
allyl isothiocyanate, avoiding its toxicity (Chapter 4), it is also possible that C. pavonana 
detoxifies glucosinolates by sequestering the plant compound and uses it to protect the 
larva from attack of predators or parasitoids. Heckel (2014) has reviewed sequestration 
strategies and C. pavonana has not yet been investigated. As reported by Rejesus-
Navasero-Ward (2003) and Uelese et al. (2014) only few effective natural enemies are 
reported for C. pavonana. Sequestration would explain the limited predation. This warrants 
further investigation. 
 
The findings presented in this thesis indicate that the success of C. pavonana as a crucifer 
feeder is likely to be determined by the nutritional quality of the plant and the involvement 
of plant secondary metabolites in orientation and larval feeding. A central finding has been 
that C. pavonana, unlike other insects, can tolerate the presence of the toxic glucosinolate 
hydrolysis compound, allyl isothiocyanate without detriment to growth. The next step is to 
determine the specific mechanism used by C. pavonana to circumvent this toxicity using 
molecular and analytical techniques (e.g. Schramm et al., 2012; Pentzold et al., 2015). In 
addition, to further study the role of plant/leaf age and the effect of the morphological 
characteristics brought about by plant ageing on the feeding behaviour of C. pavonana, 
future experiments should use plant ages that cover a large span of the cabbage plants 
life cycle.  
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